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ABSTRACT 
Artificial muscles are devices or materials which can contract, expand, or rotate when 
acted upon by an external stimulus (such as electricity, pH, pressure, magnetic field, or 
temperature). The applications of artificial muscles are versatile because they can exhibit 
linear actuation as in hydraulic rams, torsional actuation like electric motors, and 
bending actuation as seen in nature. Artificial muscles have also exhibited great potential 
in robot fabrication and in surgery tools due to their resemblance to biological muscles 
along with high actuation force per unit mass. One successful type of artificial muscle 
uses a braided bladder that generates muscle-like contractions when the bladder is 
pressurised with gas or liquid. These systems are used commercially in industry, but are 
not useful in portable applications, such as robotics, because of the need for an external 
pump or compressor. This thesis investigated the use of a volume-changing hydrogel 
material as a means for pressurizing and depressurizing a braid. The hydrogel has the 
potential to replace the pump/compressor and make possible a smaller, lighter artificial 
muscle.  For further investigation of these artificial muscles as linear actuators and for 
the practical application of linear actuators, it was imperative to standardize methods for 
characterizing their performance.  
This thesis introduces such an integrated characterisation method and demonstrates its 
use in the determination of the free stroke of a hydraulic artificial muscle (HAM); the 
stroke while operating against an externally applied force (isotonic); the blocked force of 
these muscles upon applying constant length (isometric); force and displacement change 
at constant pressure (isobaric); and actuation against a return spring (variable force, 
pressure). The linear mechanics approach has been verified and allows the prediction of 
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fundamental characteristics of the actuator: free stroke, blocked force and stiffness while 
varying the preload condition. This thesis further demonstrates the method of fabricating 
temperature-sensitive, hydrogel filled, novel braided muscles with different hydrogel 
compositions and investigates the characteristics of these hydrogel filled muscles by 
employing a spring-test method.  
The experimental investigation of the gel-filled muscles is carried out by heating and 
cooling the muscle at different temperatures. The results show that the blocked force and 
free stroke depend on the monomer concentration used to prepare the hydrogels and the 
spring stiffness against which the muscle actuates. The force and displacement are more 
significant in the muscle with higher monomer concentration. The hydrogel muscles are 
then further developed into a new type of thermally-actuated braided hydrogel muscle 
made by systematically integrating cotton fibre and hydrogel. The performance of these 
actuators is also studied experimentally based on the integrated test method. The 
actuation mechanism is examined by varying the monomer composition and braid angle. 
The degree of actuation is found to be greater for higher monomer concentration and 
higher braid angle due to the relationship of volume change to the applied temperature 
change. Hysteresis is shown to be affected by temperature change. The generated 
blocked force and displacement are examined at varied pre-load conditions when 
combined with the measured muscle stiffness. It has been found that the greater the 
stiffness and pre-load, the higher the blocked force and displacement. The effect of 
hydrogel fill on the linear actuation is also investigated, and it is observed that solid 
hydrogel filled braided hydrogel muscle is capable of generating almost double the force 
compared with a braided hydrogel muscle without hydrogel filling (shell-gel). This was 
VII 
 
the first time these porous braided hydrogel muscles are fabricated. These novel 
actuators are experimentally investigated using the integrated method to determine the 
influence of hydrogel thickness on the actuation mechanism. Finally, to show the 
applicability of braided hydrogel muscles in a closed system, a novel enclosed shell-gel 
braided hydrogel muscle is introduced in which the linear actuation of a shell-gel muscle 
occurs within an encapsulating rubber bladder. A hot air gun is used for heating while 
cooling occurred naturally to room temperature. There is no significant difference in 
actuation acquired for encapsulated shell-gel compared to the shell-gel muscle operated 
in an open water bath and this suggests the compatibility of these braided hydrogel 
muscles for both open and closed system.  
Overall, this thesis establishes fabrication strategies for hydrogel based novel braided 
artificial muscles, determines their actuating response using a new efficient, integrated 
characterisation method and validates the experimental results by using graphical 
modelling approaches. The thesis concludes with suggestions for further work that 
include both theoretical and practical areas. 
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1.1 General Concept of Artificial Muscles  
Artificial muscle systems generally mimic the fundamental engineering properties of 
natural muscles such as force generation, response time, actuation strain and tension 
intensity 1,2. Biological muscles usually offer 20–40% contraction strain and 0.35 N/mm2 
of tension intensity that is generated in less than one second with a power to mass ratio 
of 100 W/kg 3 (specific power). However, an ultimate tensile strength of 30 MPa can be 
achieved by human muscles at a contraction strain of 30% 4. The main characteristics of 
mammalian skeletal muscle are given in Table 1.1 5,6. 
Table 1.1 The characteristics of Mammalian Skeletal Muscle 5,6. 
Property Typical Maximum 
Tensile Strain (%) 20-40 40 
Tensile Stress (kPa) 100 (Sustainable) 350 
Work density (kJ/m3) 8 40 
Density (kJ/m3) 1037 - 
Strain rate (%/s) - >50 
Specific Power (W/kg) 50 284 
Efficiency (%) 20-25 40 
Cycle Life - >109 
Modulus (kPa) 10000-60000 - 
 
The full mix of properties of skeletal mammalian muscles has never yet been fully 
mimicked by any artificial muscle technology. Acceptance of the concept that natural 
muscles can be the most effective in terms of actuation response, has meant that efforts 
to create artificial muscles have gained significant attention in recent times. 
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Artificial muscles are usually defined as devices or materials which can mimic the 
movement of natural muscles by contracting, bending, or rotating when acted upon by 
external stimuli (such as electricity, pH, pressure, magnetic field or temperature), and 
exhibit shape recovery once the stimulus is withdrawn 7. This technology has an 
outstanding prospect for broad future applications in industry, medicine, robotics and 
many other practical fields.  
A number of muscle’s advantages in relation to artificial actuator technologies stem 
from nature’s ability to fabricate complex structures on length scales which range from 
the molecular to the macroscopic. Since the improvement of fabrication technology and 
the better understanding of nature’s mechanisms, several properties that include 
regeneration, nano-structuring and direct chemical actuation, have become common in 
artificial muscle actuators. Several artificial muscles are popular due to matching or 
exceeding muscle in strain, stress, and specific power. Most of the technologies 
presented for instance, feature peak stresses that can at least match natural muscle, with 
the peak forces per cross-sectional area in shape memory alloys exceeding those of the 
natural muscle by a factor of 500. Unlike mammalian skeletal muscle, some of the 
technologies have a ‘catch-state’ feature, which enables the position to be locked against 
a fixed load without power expenditure 13. Different types of artificial muscles driven by 
several stimuli have been developed (Figure 1.1), advancing their properties and 
eliminating many of the shortcomings of preceding technologies 14. 
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Figure 1.1 Different types of artificial muscles and their functionalities 14. 
 
Nevertheless, artificial muscles suffer performance limitations such as low cycle life and 
low efficiency, and these deficiencies limit their applications in many practical fields. 
Presently, it has been reported that McKibben artificial muscles (braided actuator) have 
practical use because of their light weight, flexibility, large output and back-drivability 
10–12.  
There are a number of characteristic properties of artificial muscle that are defined by 
the way in which the muscle is stimulated. The first approach of preparing artificial 
muscles, namely, McKibben muscles 57 is cheap and useful, but they pose limitations in 
use because of their bulky external control and driving mechanisms 10. To solve this 
problem, artificial muscles including piezoelectric 22 23 24 or dielectric elastomers 25 26 
were produced having actuating composites where the mechanism of actuation is 
inherent in the properties and structure of the composite. However, high voltages are 
required for this type of artificial muscle, which limits application outside research 
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laboratories 15.Artificial muscles have also been prepared with conducting polymers 16 
27,28 5,29 30,31 32 and ionic polymer metal composites 17 36–40 41 43 44, these improved upon 
previous generations of actuators by decreasing the voltages required for actuation. 
These actuators produce bending motions through the movement of ions in an 
electrolyte but need the packaging of integrated electrodes to prevent leakage or 
evaporation of volatile solvent 18. Subsequently, artificial muscles such as nanocarbon 
yarns 19 24 33 34 35, polymer coil 2 61 62, shape memory alloys 20 45 46,47 48 49 50 51 and 
stimuli-responsive polymers 21 50 51 52 solved most of the issues of the previous devices 
by creating actuating materials. As reported, these actuating materials can produce 
artificial muscles of high power to weight ratios, giant stroke and large force. 
Nonetheless, each of these materials also has some limitations which have restricted full 
realisation of their application.  
1.2 Aims and Background   
1.2.1 Aims  
McKibben artificial muscle is considered one of the first successful systems to deliver 
muscle-like behaviour. Characteristics such as spring-like behaviour, physical flexibility, 
large contraction strokes and very high force to weight ratio make it suitable for 
applications like antireform bio robotic arm and powered prosthesis 57. The need for an 
external compressor to deliver the pneumatic pressure required has restricted the use of 
McKibben muscles in portable applications, such as prosthetics or mobile robots. As 
described in more detail below, some attempt has been made to generate pressure using 
volume changing materials. This thesis continues these studies by investigating volume 
change hydrogels. 
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Hydrogel is a stimuli-responsive polymer consisting of a network of cross-linked 
hydrophilic polymer chains dispersed in water. The water concentration in the hydrogel, 
and thereby its degree of swelling, can vary significantly with temperature, pH, or even 
an electric field. This response characteristic toward an external stimulus can be utilised 
in a range of applications that includes sensors, actuators in microfluidic devices and 
drug delivery. This hydrogel can be used to drive shape change and the designs can be 
tailored to provide a range of responses such as large displacement–low force at one end, 
or small displacement–large force at the other. A possible course to improving actuator 
performance is to vary the hydrogel geometry. This can maximize diffusion, and 
maximum force can be obtained by increasing cross-linking, thus achieving a higher 
Young’s modulus. 
The overall goal of this thesis is to evaluate the basic actuation mechanics and 
characteristics of braided actuators driven by hydrogel swelling. A particular focus was 
to construct and characterise hydrogel based braided muscles since they offer numerous 
promising features that can be applied in different fields of application.  
The first aim of the research designated in this thesis was to develop an integrated 
characterisation method based on the force-extension curves for appraising the tensile 
actuation of artificial muscles. Development of the method utilised the use of a hydraulic 
McKibben muscle in standard procedures to characterize force generation, blocked 
force, free stroke, displacement, stiffness, response time, stress relaxation, hysteresis, 
and reversibility, with isometric, isotonic, and isobaric actuation against springs with 
variable stiffness.  
7 
 
The second aim of this research project was to fabricate the temperature sensitive, 
hydrogel bead filled braided muscles for water-immersed actuation, as well as to 
investigate the gel composition based on swelling properties. A spring-based test method 
was developed to characterise these hydrogel bead filled braided muscles in terms of 
force generation, free strain, blocked force, pressure, and response time. 
The third aim of this project was to prepare and examine hydrogel based novel braided 
muscles for water-immersed actuation where the braid was prepared in-house by using 
cotton fibre. A set of muscles was prepared by completely filling the muscles with 
hydrogel (solid hydrogel filled braided muscle) and another set was prepared without 
filling (shell-gel braided muscle). Each set of muscles was examined in hot/cold water to 
evaluate the actuation characteristics with respect to varied gel composition and braid 
geometry. The integrated force-extension curve test method was utilised to provide a full 
understanding of the actuation activities of these braided hydrogel muscles. 
The fourth aim of this study was to study the effect of internal gel porosity on the 
actuation performance using a hot/cold water bath and applying the force-extension 
curve test method. The porous braided hydrogel muscles were created by first preparing 
hydrogel rods of different thickness, which were then placed inside the gel-impregnated 
braid. The mix of rods set the porosity.   
The fifth aim was to prepare enclosed braided muscle where hot/cold water was passed 
through the braid to measure the actuation properties and understand water-transmitted 
actuation in closed systems. A set of muscles was prepared without the hydrogel filling 
inside the muscles and encapsulating the muscle with a rubber membrane (hereby called 
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enclosed shell-gel). A comparison between shell-gel and enclosed shell-gel was made in 
order to determine the compatibility of the braided muscles in both systems.  
1.2.2 Background  
Hydrogel based artificial muscles have been studied in order to take complete advantage 
of its volumetric expansion/contraction as an actuating material. A detailed study on 
hydrogel materials, their actuating mechanism and their application in artificial muscle 
technology is presented in this section. There are several types of braided muscle 
(McKibben muscles) that are operated by means of different stimuli such as pneumatic, 
hydraulic, and the volumetric expansion of stimuli-responsive materials. Because of 
their versatile advantageous features and potential for realistic application, this thesis 
includes a comprehensive literature survey including the construction materials and 
actuating principles as well as characterisation methods. An understanding of the 
characteristics and performance properties of artificial muscles is essential for the 
purpose of checking their feasibility in practical fields. This thesis also includes a 
section that demonstrates the conventional characteristic properties of artificial muscles 
and the methods of property evaluation.  
1.2.2.1 Hydrogels   
Hydrogels are a kind of stimuli-responsive polymer. They are in fact three-dimensional 
solid networks made from hydrophilic polymer chains with chemical or physical 
crosslinking 53–55,58. Hydrogels readily swell in aqueous solutions while polymer chain 
crosslinking prevents them dissolving. Due to their hydrophilicity, hydrogels are 
frequently described as ‘soft and wet’ materials. Several types of hydrogels have been 
prepared with different polymer structures aiming at different applications 59 (Figure 
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1.2a). Hydrogels can also be classified based on response upon stimulation (Figure 1.2b) 
60; smart hydrogels and conventional hydrogels 61.  
 
Figure 1.2 (a) Classification of the hydrogels in various categories. (b) Stimuli-
responsive hydrogel under different environmental conditions 60,61. 
 
Of these, smart hydrogels can respond and translate the signal into macroscopic events, 
such as swelling/deswelling or stress generation when exposed to an environmental 
signal (e.g. temperature, pH, electrical field, etc.), a great deal of interest has been 
generated by this dynamic nature of hydrogels 62. The swelling degree of hydrogels is 
usually described through the free energy balance for the network expansion, dependent 
on the crosslinking density; and the molar free energy of mixing, dependent on 
interactions between polymer chains and solvents; as well as mixing entropy as 
explained by Flory–Rehner Theory. The energetic and entropic components are 
dependent strongly on temperature and solvent quality since the crosslinking density of a 
hydrogel remains constant. Thus, the swelling degree of hydrogels can be affected by 
changing stimuli such as temperature, pH etc. 60–63. These materials can be designed 
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with controllable responses such as shrinking or expanding with changes in external 
environmental conditions (Figure 1.2b) 60. 
Temperature sensitive hydrogels are one of the widely studied hydrogels, consisting of 
hydrophilic polymer networks that present a temperature-dependent degree of swelling 
64. There are many reasons that these hydrogels are attractive for micro-actuation 
application. Firstly, compared to other micro-actuation principles, the volumetric 
expansion capacity is more prominent in these hydrogels. Secondly, they are soft and 
robust. Thirdly, a comparatively low temperature is required to operate temperature 
sensitive hydrogel actuators. Lastly, fabrication of the hydrogel polymer network is 
possible using standard photolithography. They exhibit either positive temperature 
response that indicates the swelling of hydrogel with increasing temperature or negative 
temperature response that means the shrinking of hydrogel with increasing temperature 
65. The application potential of these hydrogels includes hygroscopic smart fabrics, 
fluidic valves, mixing, and absorption. N-isopropylacrylamide (NIPAAm)-based 
polymers, as one of the most common temperature responsive hydrogels, offer great 
potential in many fields due to the high mechanical properties and easy processability, 
and exhibit a lower critical solution temperature (LCST) at ~32–33ºC in aqueous 
solution. The LCST can be easily adjusted to physiological temperature by the alteration 
of the hydrophilic/hydrophobic balance in the polymer with comonomers 65. Figure 1.3a 
shows the extent of swelling of the NIPAAm and alginate/PNIPAAm ionic covalent 
entanglement (ICE) hydrogel-based 3D printed hydrogel 63.  
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Figure 1.3 (a) Photographs and swelling ratio of a 3D printed 10% (w/v) N-
isopropylacrylamide, alginate/PNIPAAm ICE hydrogel tensile specimen swollen in 
water at 20°C and 60°C 63. (b) Drug release principle from a thermosensitive polymer 
micelle upon temperature increase 66. (c) Programmable ‘flower’ made by heterogeneous 
integration of PNIPAAm and single-walled CNT-PNIPAAm bilayer actuators and 
activated at heated water 63,67. 
 
A number of applications have been demonstrated, mainly while designing a controlled 
release system for example drug delivery, detection and analytical separation, that relate 
to the sharp phase transition such as occurs with  a reversible swelling change for 
crosslinked systems , (Figure 1.3b) 66. Recent studies reveal that the PNIPAAm 
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hydrogels can be assembled into various 2D or 3D structures, which also have great 
potential for artificial muscle, biosensing, and biomedical applications. Figure 1.3c 
shows a PNIPAAm hydrogel-based flower actuator activated by temperature fluctuation 
67.  
Biomedical devices and implant materials, including contact lenses, wound dressings, 
and tissue engineering scaffolds are the primary application areas for hydrogels. The 
gel’s very low stiffness and highly deformable nature is one main desirable feature. It is 
essential for the implant material to match the stiffness of the surrounding biological 
tissue. The low moduli (material stiffness) of gels compared with all other materials is of 
great interest for biomedical implants 68. Additionally, major commercial applications of 
hydrogels are related to waste management and agriculture using their capacity to absorb 
large amounts of water. The water retention of a gel means it is effective for soaking up 
and containing water leaks and spills. In a dehydrated environment, the ability of 
hydrogels to expel water can also be advantageous, for instance, as soil conditioners. 
Also, the discharge of molecules containing in the hydrogel’s water is the base of several 
drug release applications. However, in applications of hydrogels such as actuators, flow 
control systems, and tissue engineering devices they are not only required to sustain 
their own weight but should also tolerate an external force 56  Therefore an optimal 
material for these applications is a tough hydrogel, that can sustain the applied force and 
reversibly deform over multiple cycles without failure.  
There is a dramatic contrast between the brittleness of many synthetic hydrogels and the 
toughness of biological tissue such as muscle and tendon. A high swelling degree and 
low modulus with high extensibility is the combination required of these biological 
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hydrogel materials 56. Currently, this combination of properties has been attained with 
synthetic hydrogels. Nevertheless, a variety of toughening mechanisms have been 
studied to design new materials, that show mechanical properties similar to natural 
tissues, using enhanced energy dissipation through crack propagation in the hydrogel 
4,10,51,69,70; for instance, slip-link gels, nanocomposite gels, double-network gels and 
ionic-covalent entanglement (ICE) gels. Permanent and irreversible damage to the 
network is possible if covalent bonds break in a tough hydrogel. However, the use of 
ionic cross-links in toughening hydrogels, for instance, alginate-polyacrylamide 
hydrogels in which the alginate is cross-linked with calcium ions, shows significantly 
high toughness. The limitation in the formation of hydrophobic associations is caused by 
the low solubility of the hydrophobes. In hydrogel, the competition of the water for 
binding sites in hydrogels results in low association strength of hydrogen bonds 71. Thus, 
hydrogel geometry variation can be utilised to enhance the actuator performance 72.  
1.2.2.2 Braided Artificial Muscles  
Engineering robots often exhibit heavy and extremely rigid characteristics owing to their 
mechanical structure and motorisation 73. These characteristics are undesirable in certain 
applications; this led to the emergence of lighter robot constructions. The lightweight 
McKibben actuator, being the most common type of braided muscle, may suit the 
purpose by replacing heavy motor drive units. The McKibben artificial muscle is a 
braided actuator that has many of the properties which are found in real muscle. This 
muscle was first introduced by American physician Joseph L. McKibben in the 1950s 74. 
It was originally envisioned to actuate artificial limbs used for amputees.  
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1.2.2.2.1 Types of Braided Muscles   
There are several types of braided muscles which are operated by means of different 
stimuli such as pneumatic, hydraulic, and volumetric expansion of stimuli-responsive 
materials. A detailed discussion on these muscles is given below: 
McKibben Pneumatic Muscle  
The McKibben pneumatic device was first developed in the 1950s to help rehabilitate 
polio patients 74. These systems were commercialised in the 1980s by Bridgestone 
rubber and given the name Rubbertuators™ 75. Later, in the 1990s these were 
commercialised by the Shadow Robot Group of England for robotic applications and 
more recently by FESTO Corporation in 2001 76. The most attractive feature of the 
actuator is a very high force to weight ratio that makes it ideal for mobile robots 7. The 
device, also known as pneumatic artificial muscle (PAM), consists of a braided sheath 
surrounding a balloon-like bladder. When the internal bladder is pressurised, it expands 
in a balloon-like manner against the braided sheath. The braided sheath acts to constrain 
the expansion in order to maintain a cylindrical shape. Since the volume of the internal 
bladder increases because of the growth in pressure, the actuator contracts linearly 
and/or produces tension if coupled to a fixed mechanical load (Figure 1.4a) 77. These 
muscles can be constructed in a variety of sizes and shapes (Figure 1.4b) 78. Since 
pneumatic actuation offers the convenience of venting exhaust air directly to the 
atmosphere and maximises the soft compliance of the muscles, which is valuable in 
human–robot interaction. However, an external air pressure source and control valves 
are required for these muscles, these impede their ability to be miniaturised and used in 
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human-like applications. Due to the drawbacks of using compressed air as the fluid 
medium, valve-controlled pneumatic systems are barely above 30% efficient 79.  
 
Figure 1.4 (a) Operating principle of pneumatic artificial muscle (PAM) at various 
pressure conditions 77. (b) Various types of PAMs: A- McKibben Muscle/Braided 
Muscle, B- Pleated Muscle, C- Yarlott Netted Muscle, D- ROMAC Muscle and E- 
Paynter Hyperboloid Muscle 87. 
 
McKibben Hydraulic Actuators 
In the last few years, a small number of research groups have been actuating this 
artificial muscle hydraulically, these are known as hydraulic artificial muscles (HAM) 
80,81. According to Meller et al., the HAMs have roughly double the energy conversion 
efficiency of PAMs 82. In addition, Meller et al. and Tiwari et al. have found that the use 
of bulky compressors can be circumvented in HAMs by using small pumps, thereby 
making compact design conceivable82,83. Furthermore, it has been stated that the design 
of comparatively large hydraulic McKibben muscles was likely for actuating human 
limb-size robots, or even very controlling ones 84. For practical application, according to 
Moon et al. and Solano and Rotinat-Libersa 85,86, it is crucial to develop microscale 
HAMs for millimetre scale robot development. Table 1.2 summarizes the performance 
of previously built HAM systems varying considerably in size and operating pressures.  
16 
 
Table 1.2 The comparison of HAM performance stated in the literature. 
Works 
on 
HAM 
Braid 
angle 
(˚) 
Muscle 
length 
(mm) 
Diamet-
er (mm) 
Muscle 
weight 
(kg) 
Pressu-
re 
(bar) 
Block 
force 
(N) 
Free 
stroke 
(%) 
Resp-
onse 
time (s) 
Meller 
et al. 82 
28.7 173 32.3 - 7 500 30 - 
Tiwari 
et al. 83 
- 160 3.17 0.0018 5.5 23 19 - 
Solano 
et al. 86 
17 61 1.5 0.02 10 6 21 - 
Moon 
et 
al. 85 
- 237 2 0.23 6 3.8 11 2.8 
Mori et 
al. 84 
15 700 40 2.96 40 28000 25 - 
Sangian 
et al. 3 
35 80 6 0.0018 2.5 26 23 1.1 
 
The reported blocked forces cover a wide range and the larger diameter muscles 
generated the higher forces. The response time of the hydraulic systems is higher than 
pneumatic systems, due to the higher viscosity of the water. In fact, with its higher 
viscosity, water takes more time to fill up the inner bladder to stimulate the braided 
sleeve. It has been found that valve-controlled hydraulic systems have their maximum 
efficiencies at around 60%. Within 1.1s, an actuation strain of 23% was obtained with a 
given load of 0.5 kg and pressure of 2.5 bar.  These higher efficiencies, quicker 
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response, and better position control can be achieved because of hydraulic fluid’s much 
higher bulk modulus 3. 
Sangian et al. have considered the effect of bladder stiffness on HAM performance 3. It 
has been found that additional water pressure is required for the muscle with the stiffest 
inner tube to reach the targeted static force and it exhibits low, contraction free strain. 
However, the muscle with the smallest inner tube stiffness requires less pressure for the 
same amount of force and shows comparatively higher contraction strains. The blocked 
force and contraction strain decrease with increasing HAM bladder stiffness, which 
might be due to the elastic deformation of the bladder and friction between the bladder 
and braid. The effect of stiffness of the inner tube on muscle performance is 
considerable, and it should be carefully chosen. It was found that the inflation pressure 
required for the bladder to contact the braid reduces the maximum force achievable. 
Moreover, the pressure which is needed to deform the braid during muscle contraction is 
responsible for reducing the maximum achievable strain 3. 
Paraffin Filled McKibben Muscle 
Since the actuation of McKibben muscles relies mostly on the pressure generated due to 
the volume expansion of internal structures, several researchers have demonstrated the 
use of highly expandable materials subjected to an external stimulus. Sangian et al. have 
developed a new type of McKibben muscle operating by temperature-induced volume 
expansion, with paraffin wax as inner fill material, , in which the volume change is finite 
and reliant on the initial volume and thermal expansion of the fill material 87. Figure 1.5 
illustrates the fabrication steps and the actuation properties of the paraffin filled 
McKibben muscle without and with an embedded electrical heating filament.  
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Figure 1.5 Paraffin-filled McKibben muscle. (a) Fabrication steps without a heating 
filament. (b) Fabrication steps with a heating filament. (c) Actuation of samples without 
heating filament in hot water bath. (d) Electro-thermally actuated samples with the 
heating filament 87. 
 
Thermal expansion of the electrically heated paraffin wax could generate a maximum 
muscle force of 2 N (71 kPa stress) or a maximum length contraction of 9%, compared 
to the hot-water based actuator systems with a maximum of 850 mN force (17 kPa 
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stress) and 8.3% contraction strain. Circumferential expansion of the braided sleeve is 
caused due to the increase in volume of the paraffin with temperature, thereby 
shortening the actuator. It has been recognised that the performance of paraffin-filled 
McKibben muscle is very analogous to that of the pneumatic or hydraulic McKibben 
muscles because injecting pressurised fluid causes the volume change of the braid. 
However, the paraffin-filled McKibben muscle’s volume change is driven from inside 
the bladder without any external connection 87. 
Sangian et al. have also reported the development of a conductive and bladderless 
McKibben artificial muscle which was made of intertwined steel wire and cotton fibre. 
A temperature sensitive material (paraffin) was successfully constrained inside the 
conductive braided sleeve even at an expanded state by increasing the yarn width and 
adjusting the braid angle to give a high cover factor of 0.89. With a small input voltage 
of 2.5 V the muscle generates a maximum isometric tensile stress of 50 kPa and a 
maximum free contraction strain of 10%, in 20 and 60 s, respectively. However, for all 
the paraffin-filled muscles the response time was found to be quite large compared to 
that of pneumatic or hydraulic muscles 87.  
SMP Based McKibben Actuators 
It was reported that McKibben artificial muscles could be manufactured by exploiting 
the characteristic properties of shape-memory polymers (SMPs). Structural changes of 
SMPs happen above their glass transition temperature (Tg) when a load is applied. 
However, they can sustain their shape in a rigid form after they have been cooled to 
below Tg, and when heated again above Tg, they return to their predefined shape. 
Exploiting these features, Takashima and co-workers have prepared SMP based 
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McKibben muscle in which the commercial braided mesh shell was impregnated with 
SMP resin with two states; unactivated and activated state 88. The transition between the 
two states is controlled by pneumatic pressure. When this new muscle is heated above 
Tg, it shows lengthwise actuation like typical McKibben muscle 88 . When the actuator 
attains its desired length, it can be cooled to below Tg, and the SMP will fix the structure 
in a rigid and actuated state. SMPs are often described as two-phase structures 
comprised of a hard fixing phase and a soft reversible phase, as shown in Figure 1.6a. 
The hard and soft phases represent two elastic moduli: the lower-temperature, higher-
stiffness “glassy” plateau and the higher temperature, lower-stiffness “rubbery” plateau. 
In other words, SMPs can be deformed above their Tg by applying a small load. They 
maintain their shape after they have been cooled below Tg and can be considered rigid in 
this state. When next heated above Tg, they return to the predefined shape and hence 
exhibit shape recovery. In many SMPs, the phase transition temperature is close to room 
temperature 88. 
Figure 1.6b shows five distinct states; S1-S5 and a cycle of state transitions for the 
proposed SMP McKibben artificial muscle. By a controlled application of pressure and 
temperature, the actuator can be transitioned from state S1 into state S4 where the 
temperature is below Tg (the SMP is rigid) and pressure is low (no compressor energy is 
needed). Therefore, S4 is a state of shape fixity. In S5 the actuator has returned to its 
pre-actuation state and has exhibited shape recovery. Figure 1.6c shows the prototype 
actuator motion when the internal pressure was changed with heating and cooling under 
a constant load. The actuator should be fixed firmly and precisely in its rest position at 
the shape fixity state (T < Tg). Moreover, it is required to maintain the actuated shape for 
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an extended period. The actuator must actuate efficiently at the flexible state (T > Tg). 
During cooling state (T > Tg →T < Tg), the actuator can be fixed firmly and precisely in 
an actuated state. At shape recovery state (T < Tg →T > Tg) the actuator will return to its 
rest position when heated with no loading. This system is maintained without the need 
for any air supply or control system, although hysteresis is still a significant problem in 
SMP actuators 88. 
 
Figure 1.6 (a) Relationship between the elastic modulus and temperature of the SMP. 
(b) Schematic representation of McKibben artificial muscle that uses SMP (PH: high 
pressure, PL: low pressure). (c) The motion of a prototype actuator when the internal 
pressure was changed with heating and cooling under a constant load (62 N). (a) T < Tg 
→T > Tg, P = PL. (b) T > Tg, P = PL →PH. (c) T < Tg, P = PH →PL 88. 
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Polymer Gel-Based McKibben Muscle 
Recently, a promising approach based on artificial polymer muscle technologies has 
been made because of its chemical simplicity and the ability to rapidly generate steps in 
pH in contrast with control by temperature variations. Tondu and his co-workers have 
developed this pH-sensitive hydrogel-based McKibben muscle 89. It was demonstrated 
that the use of standard weak acid-weak basic buffer solutions could be a straightforward 
way of triggering an ion-exchange resin-based pH-McKibben muscle with a limited pH-
range 89. In order to prepare a pH-McKibben muscle, the ion-exchange resin was placed 
inside the inner tube of a braided structure to form a chemo-mechanical artificial muscle 
with static and dynamic behaviour close to human skeletal muscle. It has been shown 
that given strong acid–strong base, higher ionic strengths and quicker response times 
could be achieved. One downside to the ionic strength growth is limited swelling and 
therefore lower maximum force. The proposed pH-muscle was shown to be a kinetic 
energy accumulator that necessitates a device in series with a spring. The significant 
parameters that influence the amount of contractile strain, the force produced, and time 
response include the size and geometry of the sample, the initial braid angle of the 
braided sleeve, and mechanical properties of the inner bladder and braid. Extensive 
device packaging due to the required piping and pumps makes the system inappropriate 
for application in microactuator systems. In addition, some studies have shown that pH-
muscles are limited to very acidic or very basic ranges. Additionally, typical pH-
sensitive hydrogels such as PAAM hydrogel actuators have recently appeared to be 
useful for pH < 3 or pH > 1290.  
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Another attempt has been made with compliant actuators which are developed by 
coupling braided structures and polymer gels such as acrylic NIPA (N-
isopropylacrylamide) fibres, NIPA (N-isopropylacrylamide) cylinders, and CMC 
(carboxymethylcellulose), able to produce work by controlled gel swelling in the 
presence of water 72. The highest force was obtained by the CMC gel in 12 mm braids in 
the first second of actuation. Using CMC gels in 5 mm braids resulted in lower force 
generation because of the insufficient expansion of the CMC gel in the fibre angle range 
allowed by the smaller braid. For NIPA gels, the usage of fibres in place of cylinders led 
to a noticeable increase in the force produced, roughly eight times larger than in the 
former case. However, there remains a problem regarding the reduction of response 
time. Two main routes for a possible solution are currently being explored, consisting of 
modifications to the gels and in an improved realization of the braid–gel coupling 72. 
1.2.2.2.2 Actuating Principle and Characterisation Methods of Braided Muscles 
Tondu et al. have reviewed the theory relating to the ideal form of McKibben muscle as 
a planar network of jointed identical pantographs which is shown in Figure 1.7 91. A 
rectangle of an initial length l0 and width L0 is enclosed by m columns and n rows. The 
initial angle of individual elementary pantographs is denoted by α0. This initial angle 
moves from α0 to α (α >α0) while the width increases from L0 to L and length decreases 
from l0 to l, thus adjusting the rectangular shape of the network. It has been assumed that 
the soft pantograph network can have a cylindrical form, with an initial radius of r0 and 
𝐿𝐿 = 2𝜋𝜋𝜋𝜋. 
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Figure 1.7 Geometrical characterisation of the braided sheath of the McKibben muscle 
91. 
 
By assuming the side of each pantograph remains constant throughout the actuation, the 
following equations have been proposed: 
𝑟𝑟
𝑟𝑟𝑜𝑜
= 𝑠𝑠𝑠𝑠𝑠𝑠α
𝑠𝑠𝑠𝑠𝑠𝑠α𝑜𝑜
           (1.1) 
𝑙𝑙
𝑙𝑙𝑜𝑜
= 𝑐𝑐𝑐𝑐𝑠𝑠α
𝑐𝑐𝑐𝑐𝑠𝑠α𝑜𝑜
          (1.2) 
By deriving the contraction function,  
𝑓𝑓(𝜀𝜀) = 1/𝑠𝑠𝑠𝑠𝑠𝑠α�1 − 𝑐𝑐𝑐𝑐𝑠𝑠2α0(1 − ε)2      (1.3) 
Upon applying the general muscle force equation to the contraction function above, the 
following equation can be deduced: the tensile force generated by the ideal PAM 
(𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑐𝑐𝑖𝑖𝑙𝑙) is dependent on the contraction strain (𝜀𝜀 = ∆𝑙𝑙 𝑙𝑙0⁄ ) and internal pressure (𝑃𝑃) 
corresponding to a further cylindrico-conical ideal model: 
𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑐𝑐𝑖𝑖𝑙𝑙(𝜀𝜀) = (𝜋𝜋𝜋𝜋02)𝑃𝑃[𝑎𝑎(1 − 𝜀𝜀)2 − 𝑏𝑏], 0 ≤𝜀𝜀 ≤ 𝜀𝜀𝑚𝑚𝑖𝑖𝑚𝑚     (1.4) 
𝑎𝑎 = 3
𝑡𝑡𝑖𝑖𝑠𝑠2α𝑜𝑜
          (1.5) 
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𝑏𝑏 = 1/𝑠𝑠𝑠𝑠𝑠𝑠2α𝑐𝑐          (1.6) 
Consequently, when the contraction strain (𝜀𝜀) is zero the maximum force can be 
generated by the muscle as below: 
𝐹𝐹𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑐𝑐𝑖𝑖𝑙𝑙𝑚𝑚𝑖𝑖𝑚𝑚 = (𝜋𝜋𝜋𝜋02)𝑃𝑃[𝑎𝑎 − 𝑏𝑏]       (1.7) 
It is now clear that force generation is dependent on the initial angle of the braided 
sleeve, muscle radius and internal pressure. It has been found that the maximum braid 
angle is equal to arctan (√2) ≈ 54˚44 ́ at any geometric parameters of the artificial 
muscle, and its control pressure. When the initial braid angle is lower than this 54˚44  ́
limit, the muscle contracts in length and its diameter growths, however, when the angle 
is higher than this limit, the muscle increases in length and its diameter decreases 91. For 
this reason, hose and tyre technology often uses this so-called neutral angle to guarantee 
the stability of the structure. By considering this phenomenon, the McKibben artificial 
muscle can be regarded as a tyre before bending 91.  
The characteristics of the McKibben muscle are determined in the same way as for 
natural muscle. Standard characterisation tests such as isometric, isotonic, isobaric and 
spring tests have been performed to obtain actuation data for artificial muscle 92. Figure 
1.8 shows the methodology for determination of the characteristics of a pneumatic 
McKibben muscle. In accordance with the physiological definition, the maximum force 
generation, termed the blocked force, at constant actuator length (length, L = const.) 
occurs in isometric contraction, whereas the isotonic length variation can be found at 
constant given force, (Force, F = const.) 93.  
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Figure 1.8 The principle of measurement of characteristics for a pneumatic muscle. (a) 
Schematic diagram of the test stand. (b) Method of determining isometric characteristics 
(contraction ratio, ℇ = const.). (c) Method of determining isotonic characteristics (Force, 
F = const.). (d) Method of evaluating isobaric characteristics (p = const). [A- maximum 
pulling force, F = Fmax at zero contraction ration, ℇ = 0, B- intermediate state, C- zero 
pulling force F = 0 at maximum contraction ration, ℇ = ℇmax 93. 
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The displacement obtained by the actuator at a given force, designated as stroke, 
provides complicated information for the design of an actuator. According to Takosoglu 
et al. 93, this method utilised for defining isotonic characteristics of a bladder-type PAM 
includes determining the muscle length once the load is constant and the internal 
pressure is variable. If the tension increases and the form remains the same as the 
contractile muscle without changing its length it is referred to as auxotonic or secondary 
load-dependent isotonic. To maintain constant contraction while the load changes, it is 
necessary to control the internal pressure in order to obtain isometric characteristics. 
The isobaric characteristics of the muscle (Figure 1.8d) can be determined by a method, 
that corresponding to an auxotonic contraction, consists of measuring the muscle length 
when the load changes and the internal pressure (P) is constant. It is significant that the 
relative contraction of the muscle, also known as the contraction ratio is used to 
calculate the characteristics of the muscle 93. To design a device incorporating the 
artificial muscles, the crucial parameters to be considered are the maximum contraction 
ratio, the maximum internal pressure, and its operating range; restricted by the 
maximum pulling force and the maximum extension. It is essential to gather knowledge 
of its static characteristics 93. In fact, isobaric, isotonic and isometric characteristics are 
considered depending on the purpose of the device. The relationship between the pulling 
force and the contraction ratio at constant internal pressure is represented by the isobaric 
characteristics of the muscle F (ε, p). In general, the contraction ratio is determined for 
the case of constant internal pressure regarding the force or the force generated upon 
using a mass load. The contraction ratio is a function of internal pressure at a constant 
tension; variable contraction ratio is denoted by the isotonic characteristics of a muscle ε 
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(p, F). The isometric characteristics of the artificial muscle ΔF (ε, p) signify the 
relationship between growth in the pulling force and the internal pressure, measured at a 
constant contraction ratio and different tension 93.  
1.2.2.3 Characteristic Properties of Artificial Muscle 
An understanding of the characteristics and performance properties of the muscle is 
essential for checking its feasibility in practical fields. Above all, stress and strain are the 
two crucial characteristics of the artificial muscle.  Stress is the applied force per unit 
cross-sectional area of the actuator materials; while blocking stress is the maximum 
blocking force per unit cross-sectional area in a single stroke that produces maximum 
work output 94. Generated force scales linearly with the cross-sectional area in actuator 
systems where the direction of actuation is normal to the surface 95. Blocked force 
provides good insight into the muscle’s actuation ability under external forces. Linear 
actuators typically can contract/expand when the externally applied force is smaller than 
the blocked force. Strain, typically referred as actuation strain, describes the 
displacement that is normalised by the original material length towards the direction of 
actuation  96,97. Figure 1.9a shows a comparison of actuation stress as a function of 
actuation strain achieved by several kinds of artificial muscle. Strain is regularly used in 
working devices; however, it is not possible to obtain the peak strain while operating at 
peak stress 98 . Strain rate is another strain-related property that entails the average 
change in strain per unit time throughout an actuator stroke. The maximum strain rate is 
typically experienced at high frequencies and small strains. Quicker responses can 
frequently be gained by optimizing geometry and processing, and consequently, the 
numbers are often not ultimate limits but rather signify the present state of the art 99. 
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Figure 1.9 (a) Comparison of optimum actuation stress as a function of actuation strain 
of different actuators. (b) The typical stress-strain curve of a material. (c) Typical creep 
behaviour. (d) Force-relaxation curve. (e) Mechanical hysteresis tests- the small arrows 
at the bottom graph indicate loading and unloading directions 98,104,106. 
 
Stiffness, another key characteristic of the actuator, is described by the resistance of an 
elastic material to the deformation by the given force and is a function of both material 
and geometry100. Stiffness depends on the modulus of elasticity or Young’s Modulus, 
which is theoretically constant for a specific material under specified environmental 
conditions 101. Stiffness is related to the thickness and shape of the formed part of the 
material 102. In general, stiffness describes the deforming nature of the material under 
applied load although the material tends to return to its original shape once the load is 
removed. In the case when the dimension of the material does not change after the 
removal of the load, stiffness is associated with elastic deformation 103. Figure 1.9b 
shows the typical stress-strain curve of a material which is divided into elastic and 
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plastic regions. The initial slope of the curve also provides the material’s modulus 104. It 
is significant as it governs the actuator’s passive capacity to respond to load changes as 
well as disturbances and in conjunction with the density and mass controls the frequency 
beyond which inertial effects become significant. The stiffness of several actuating 
materials changes when activated. In the case of mammalian skeletal muscle, the 
stiffness can be changed by a factor of 50 to assist in control 105. 
Creep and stress (force) relaxation are another two important characteristics for some 
materials. Creep defines the slow continuous deformation of material at constant stress. 
Creep is the phenomenon where when a persistent and constant force is applied, it 
results in deformation which increases curvilinearly over time (Figure 1.9c) 106. Once a 
viscoelastic material is subjected to constant strain, the stress originally induced by it 
decays in a time-dependent manner, and this phenomenon is known as stress relaxation. 
The force needed to perform a given elongation decreases over time in a predictable 
curvilinear force-relaxation pattern as shown in Figure 1.9d 106. The loop produced by 
force–elongation (or stress-strain) plots throughout loading and subsequent unloading of 
the specimen (Figure 1.9e) has been demonstrated by mechanical hysteresis. In fact, 
hysteresis has a close relation with fatigue life and crack propagation because of energy 
dissipation during cycles of transformation 106.  
In addition to the above-mentioned properties, response time plays a significant role in 
the field of actuator technologies. Some actuators respond quickly while others require 
high response time. For example, pneumatic actuators can provide very fast response 
while most of the SMAs need a long response time to actuate 107. Hydrogel-based 
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actuators are still struggling to obtain a fast response when stimulated 108. Because the 
response time of the hydrogel is nearly proportional to the square of the thickness, 
different shapes and sizes of the hydrogel, are of research interest. Together with fast 
response, it is also crucial for the actuators to provide a long cycle life. Cycle life refers 
to the number of valuable strokes that the material is able to undergo and is generally 
highly reliant on strain as well as stress.  A repeating pattern of loading and unloading is 
usually performed during the cyclic test; an ideal mechanical actuator is expected to 
provide unlimited cycle life without any deformation 109. Other properties are often 
necessary to describe actuating materials including: temperature dependence of the 
response, coefficient of thermal expansion, thermal diffusivity, ionic diffusion 
coefficients, resistivity, minimum displacement, positioning resolution and gauge factor. 
Also, environmental resistance can be a substantial factor in many applications. 
Unfortunately, these characteristics are often not known 5. 
Performance of an actuator is often explained as the work density, this describes the 
amount of work produced in one actuator cycle normalised by actuator volume (or 
mass). The volume occupied by electrolytes, counter electrodes, power supplies etc. are 
usually excluded in the determination of work density, because these additional 
contributions to actuator volume cannot scale linearly with work output 110. Also, the 
product of maximum stress and maximum strain is not considered as work density. 
Therefore, specific power is now often used to define the power output per unit mass of 
the actuator material. The maximum product of stress and strain rate divided by density 
is used to estimate peak power density. Usually peak power is lower than the product of 
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peak stress and peak strain rate standardised by density due to the interdependence of 
load and rate 111.  
Power to weight ratio as a function of different actuators’ mass, for example, SMA, 
pneumatic motor, hydraulic actuators etc. is shown in Figure 1.10a 112. The performance 
of the actuators can be represented as efficiency, defined as the ratio of work produced 
to input energy. Stored electrical energy and sometimes thermal energy can be recovered 
to enhance efficiency. Figure 1.10b shows the efficiency plotted as a function of the 
actuation strain for most of the existing actuation methods, including materials such 
as SMA, piezoelectric materials, and hydraulic and pneumatic setups. It can be seen 
that actuation methods demonstrating high actuation strain (approximately 100%) 
along with high efficiency are developed on all of the hydraulic or pneumatic devices 
113. 
 
Figure 1.10 (a) Comparison of specific power obtained from different actuators 112. (b) 
Maximum efficiency plotted versus actuation strain for various actuating methods 
(SMA- shape memory alloy, IPMC-ionic polymer metal composite, DEA-dielectric 
elastomer actuator, PAM-pneumatic artificial muscle, FEA-ferroelectric actuator) 113. 
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1.3 Summary of the Performance of Artificial Muscles 
Linear tensile actuators made of different materials and structures have different 
actuating mechanisms and efficiencies as explained above. The essential characteristic 
properties of artificial muscles for comparison with biological muscles are presented in 
Table 1.3 3,5,6,72,90,114.  
Table 1.3 Peak performance of prominent artificial muscles.  
Artificial muscle Strai
n 
(%) 
Stress 
(MPa) 
Work 
density 
(kJ/m3) 
Modulus 
(MPa) 
Efficiency 
(%) 
Response 
time (s) 
Dielectric elastomers 
(silicon) 5,77,115  
120 0.3-3 10-750 0.1-1.0 25-80 10-3 
Conductive polymer 
actuators 5,31 
2-12 
 
5-34 100 200-800 1-18 <60 
CNT actuator 5,19 0.2-
1 
1-27 2-40  0.1 <0.001 
IPMC actuators 
5,18,39,40 
0.5-
3.3 
0.23-15  50-100 1.5-2.9 <2 
Thermal shape 
memory alloys 5,116 
5-8 200 1,000-
10,000 
20,000-
83,000 
<5 <6 
Polymer coil muscles 
114 
49 22 2,500 1,000 - 1 
Hydrogels (ICE 
network with 
constituents gellan 
gum and gelatine) 117 
0.2 
± 
1.1 
1 ± 85 1 ± 85 0.02-
0.42 
 <1 
McKibben pneumatic 
actuators 6,118 
20-
30 
0.8-1.3 100 - 30 1-60 
McKibben hydraulic 
actuators 3 
20-
30 
0.8-1.3 - - 60 1-60 
pH-sensitive 
McKibben muscle 119 
15-
18.5 
2 - - - 5,400 
Temperature sensitive 
McKibben muscle 
(NIPA) 72 
11 0.1 - - - 31,120 
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It is evident that CNT actuators, IPMC actuators and shape memory alloys offer low 
strains around 0.2-8%. Additionally, although the actuation of conducting polymers is 
slow; being low voltage operation actuators still makes them an appealing candidate to 
be active as an artificial muscle. Polymer coil muscles offer pragmatic actuation, but the 
requirement of high temperatures makes them unsuitable for corresponding biological 
muscle-like application. The promising features of braided McKibben pneumatic and 
hydraulic artificial muscles, for example, fast actuation 1 sec to 1 min, and a wide range 
of strains 20-30%, makes them good candidates as actuators, however, these hefty and 
bulky systems are inappropriate for light weight actuator applications. 
Although hydrogels generate low actuation strain rates and moderate force, hydrogel 
based artificial muscle has recently been gaining increasing attention due to its volume 
change upon stimulus, high swelling ratio and low modulus. However, there are still 
several problems that must be considered, for example: the need for an external pump, 
and slow response time. In the case of pH-sensitive hydrogel based braided muscle, the 
system becomes inconvenient due to transporting acid/base solutions to actuate the 
muscle. Response time is a significant limiting factor for temperature sensitive hydrogel-
based braided muscle. Nevertheless it appears more convenient and practical to use this 
muscle because it eliminates the usage of heavy external systems. Moreover, 
thermosensitive gels remove the necessity of delivering hazardous chemicals to affect a 
volume change as they can be stimulated by simply changing temperature.    
1.4 Thesis Objectives  
The previous research has demonstrated the potential for adapting volume-change 
materials to pressurize a braided muscle. The overall aim of this thesis is to investigate 
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the mechanical work generated by braided hydrogels when the hydrogel is stimulated to 
generate a volume change. This thesis sequentially demonstrates the development of a 
characterisation method that can evaluate the complete characteristics of the tensile 
actuator; methods for fabricating temperature-sensitive hydrogel based novel braided 
actuators; and investigation of the effects of hydrogel composition, braid structure and 
hydrogel porosity. The remainder of the thesis is arranged as follows:  
Chapter 2 comprises the fabrication methods of hydraulic and hydrogel based braided 
artificial muscles. This chapter also contains the characterisation techniques specific to 
relevant artificial muscles.  
Chapter 3 presents the development of an integrated characterisation method, based on 
the force-extension curves, for appraising the tensile actuation of artificial muscles. 
Development of the method utilises a hydraulic McKibben muscle and standard 
procedures that characterise force generation, blocked force, free stroke, displacement, 
stiffness, response time, stress relaxation, hysteresis and reversibility; procedures 
include isometric, isotonic, isobaric, and actuation against the springs that have variable 
external loading.  
Chapter 4 demonstrates the characteristic properties of temperature sensitive hydrogel 
bead filled braided muscles for water-immersed actuation, as well as the investigation of 
the gel composition based on swelling properties. This chapter also comprises the 
preparation and examination of hydrogel based novel braided muscles for water-
immersed and water-transmitted actuation where the braid was prepared in-house by 
using cotton fibre. Graphical modelling approaches are also demonstrated to provide a 
full understanding of the actuation activities of these braided hydrogel muscles. 
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CHAPTER 2 Fabrication and Characterisation of Braided 
Artificial Muscles  
 
 
 
 
 
 
 
 
 
 
 
 
37 
 
2.1 Introduction  
Several types of braided hydrogel-filled artificial muscles were prepared by using 
different fabrication methods (Figure 2.1). In addition, conventional McKibben 
hydraulic muscles were fabricated by using an elastic bladder with a cylindrical braid. 
Hydrogel bead filled muscles were prepared by inserting the beads into a polymeric 
braided sleeve and blocking the braid ends. Braided hydrogel muscles were fabricated 
by using ribbons made from the parallel assembly of cotton fibres and coating them with 
gel solution. Solid hydrogel filled braided muscles were prepared by polymerising gels 
within the cotton braid or placing pre-fabricated gel rods within the braid. 
Characterisation of the fabricated gels was conducted by means of different test methods 
such as: swelling, themoresponsive gel actuation, optical microscopy, mechanical, and 
rheology. A new test method was developed to characterise the mechanical and 
actuation properties of the linear actuator in a single test. 
2.2 Materials  
A number of hydrogel precursors were sourced from different manufacturers. HydroMed 
D4 (a hydrophilic polyurethane) was obtained from AdvanSource Biomaterials, United 
States.  N, N’ bismethylene acrylamide (MBAA) crosslinker, alganic acid sodium salt 
(SA), calcium chloride (CaCl2), and N, N, N´, N´-tetramethylethylene diamine 
(TEMED) were purchased from Sigma Aldrich, Australia. Similar grade N-isopropyl 
acrylamide (NIPAAm) were obtained from two different sources, Sigma Aldrich, 
Australia and Wako Pure Chemical Industries Ltd., China. Ammonium persulfate (APS) 
was supplied by Ajax Fine Chem, Australia. Cylindrical braids (poly phenylene 
sulphide, PPS) were purchased from JDD TECH Company, China. Internal tubular 
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shaped rubber bladders for McKibben muscle were purchased locally from party balloon 
shops. All materials were used as-received, and all solutions were prepared using Milli-
Q water (resistivity = 18.2 Ω cm).  
 
Figure 2.1 Pictorial illustration of different braided muscles; (a) conventional McKibben 
hydraulic muscle, (b) gel bead filled muscle, (c) solid hydrogel filled muscle, (d) shell-
gel braided muscle, (e) enclosed shell-gel muscle, and (f) porous hydrogel muscle.   
 
2.3 Experimental Procedure 
2.3.1 Fabrication of McKibben Hydraulic Muscle 
McKibben hydraulic muscles were made by using a PPS cylindrical braid, an elastic 
tube as bladder and two T-connectors (made from black polyamide-6 thermoplastic). 
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Cylindrical braids had a thickness of 0.44 mm and an outer radius of 6 mm. The bladder, 
made of natural latex rubber, of thickness and external diameter 0.28 mm and 7-8 mm, 
was used inside the braid. The fabrication of the muscle was conducted as shown in 
Figure 2.2. First, the rubber bladder was cut into the desired length of 59 mm. Then, the 
bladder was inserted into the braid, and finally, the T-connector tubes were inserted at 
each end of the bladder and fixed to the braid by copper wire.  
 
Figure 2.2 Fabrication procedure of McKibben Hydraulic Muscle. 
 
2.3.2 Fabrication of Braided Hydrogel Muscle 
2.3.2.1 Preparation of Gel filled Muscle 
Hydrogel beads were prepared in a sequential way for the fabrication of gel-filled 
muscle (Figure 2.3). Beads were made from ionic covalent entanglement (ICE) gels 
using ionically crosslinked alginate with an interpenetrating poly-N-isopropyl 
acrylamide [poly-(NIPAAm)] covalent network. Firstly, calcium alginate beads were 
synthesized by the dripping method. An alginate solution (1.9 wt%) was dripped from 
the nozzle of a hand-held airbrush (Aztek A4709) into an aqueous CaCl2 solution (1.1 
wt%). These quantities were chosen following a series of optimisation experiments. The 
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attained calcium alginate beads were left to stand in the CaCl2 solution for 24 h. 
Afterward, the calcium alginate beads were immersed in a 10 mL solution of NIPAAm 
monomer (1.5–2.5 wt%), N, N’ bismethylene acrylamide (MBAA) (crosslinker, 0.2–0.6 
wt%), ammonium persulfate (APS) (initiator, 0.1-0.2 wt%) and CaCl2 (1.1-1.5 wt %). 
The gel solution was then degassed for 1 hour at 0°C by passing compressed N2 through 
the solution. Later, the calcium alginate beads were collected, the excess surface water 
was removed through wiping, and the beads were redispersed in cyclohexane (10 mL). 
Polymerization was initiated by adding tetramethylethylenediamine (TEMED) (300 μL 
10% v/v solution, and was continued for 24 hours at 10°C. After polymerization the 
beads were separated from the cyclohexane and washed several times with water. 
Finally, the beads were stored in water at 10°C. The weight of alginate/PNIPAAm 
hydrogel beads was kept constant to make the dimensions of all muscles similar. 
 
Figure 2.3 Fabrication process of gel bead filled muscle. 
 
To construct gel bead filled muscle, 631 mg of dried hydrogel beads was inserted into a 
PPS braided sleeve (47 mm in length), and both ends of the muscle were blocked to 
prevent bead escape (Figure 2.3). Gel beads were kept uniformly distributed throughout 
the PPS cylindrical braid to allow uniform gel expansion when swelled by water, when 
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the muscle is immersed in a water bath. The uniformity of gel bead distribution was 
confirmed by keeping the muscle diameter consistent throughout the muscle length. The 
initial, dry unloaded length and diameter of the muscles were 47 and 6.5 mm, 
respectively.   
2.3.2.2 Preparation of Braided hydrogel muscle 
Figure 2.4 shows the fabrication method of a cotton fibre reinforced HydroMed D4 
braided hydrogel muscle. Firstly, HydroMed D4 solution was prepared by using a 
traditional solvent coating method. HydroMed D4 was dissolved at 20% (w/v) 
concentration in 90% (v/v) ethanol/water mixture at 60°C. Then, ribbons of cotton fibre 
were made by placing the fibres close and parallel to each other and coating them with 
the HydroMed D4 solution. Ribbons of 7mm, 9mm, and 12mm-width were prepared. A 
ribbon was wound helically around an 8mm-diameter glass rod mandrel with no gaps 
between turns. The ribbon width controlled the wind angle. A set of samples with 
winding angles of 18°, 32°, 45° and 48° was constructed. A second ribbon of the same 
width was wrapped around the coated mandrel in the opposite direction.  Next, this 
mandrel with the ribbons was placed in the temperature and humidity cabinet 
(Thermoline Scientific, Australia) at 60°C for around 10-12 minutes. After drying, the 
ribbon wrapped glass mandrel was removed from the controlled environment and the 
ribbons were carefully separated from the mandrel to obtain a hollow, cylindrical shaped 
braided hydrogel muscle.  
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Figure 2.4 Fabrication method of a cotton fibre reinforced HydroMed D4 braided 
hydrogel muscle. 
 
2.3.2.3 Preparation of Solid Hydrogel Filled Braided Hydrogel Muscle 
Figure 2.5 shows the fabrication procedure of a solid hydrogel filled braided hydrogel 
muscle. Initially, NIPAAm polymer solution was synthesized by mixing NIPAAm 
monomer (1.5–2.5 wt%), MBAA (crosslinker, 0.2–0.6 wt%) and APS (initiator, 0.1-0.2 
wt%) placed in a glass container on a Magnetic Stirrer (Crown Scientific, Australia). 
Then, tetramethylethylenediamine (TEMED) (300 μL 10% v/v solution) was applied to 
accelerate the polymerization process of NIPAAm solution. After that, a pre-prepared 
braid was placed into the NIPAAm solution and kept in the freezer to polymerise the 
NIPAAm solution at low temperature. Once polymerization was completed, the solid 
hydrogel filled braid actuator was removed and kept in distilled water at room 
temperature for two hours. After removal from the water medium, two in-house 3D 
printed ABS connectors were glued to both ends of the hydrogel filled braid actuator. 
Once the glue was cured, the actuator was ready for characterization.  
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Figure 2.5 Fabrication method of a solid hydrogel filled braided hydrogel muscle. 
 
Figure 2.6 shows the in-house experimental set-up to prepare criss-cross braided 
hydrogel muscle  (BHM). In this set-up, a glass rod mandrel of 8mm and a spiral rod  
were attached with a D.C 12V electric motor  connected with laboratory power supply 
(POWER TECH, Australia) for rotating the rods. One of the rods was held at constant 
voltage whereas the other was kept under variable voltage so as to obtain different 
angled (18°, 32°, 45° and 48° to the longitudinal direction) criss-cross braided hydrogel 
muscle. For the preparation of the muscle, HydroMed D4 was dissolved at 20% (w/v) 
concentration in 90% (v/v) ethanol/water mixture at 60°C. This HydroMed D4 solution 
was kept in a syringe, and the cotton fibre was inserted into the HydroMed solution 
through a hole in the syringe wall. After the fibre was soaked with the solution, it 
formed a criss-cross pattern on the rotating glass rod mandrel by switching the current 
flow direction in between the power supply and the rotating motor. Once the criss-cross 
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braided hydrogel muscle was prepared,the muscle was filled with solid hydrogel 
following the same procedure as for the solid hydrogel filled braided hydrogel muscle. 
 
Figure 2.6 In-house experimental set-up for criss-cross braided hydrogel muscle. 
 
2.3.3 Fabrication of Shell-Gel Braided Hydrogel Muscle 
2.3.3.1 Preparation of Shell-Gel Braided Hydrogel Muscle for Water-Immersed 
Actuation 
A few pre-fabricated hydrogel filled composite braid actuators were used to construct 
shell-gel braid actuators. Initially, a solid hydrogel filled braided hydrogel muscle was 
heated at 60°C on a hot plate together with magnetic stirring. Due to the shrinkage of the 
internal thermo-responsive hydrogel, a cylindrical shaped hydrogel piece was easily 
removed from the core of braided actuator. A test-ready sample was prepared by gluing 
two 3D printed ABS connectors to both ends of the hollow tube.  
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2.3.3.2 Preparation of Enclosed Shell-Gel Braided Hydrogel Muscle for Water-
Transmitted Actuation 
Shell-gel braided hydrogel muscles were used to fabricate similar enclosed shell-gel 
braided hydrogel muscles (Figure 2.7).  
 
Figure 2.7 Photographs of shell-gel braided hydrogel muscle. (a) Shell-gel braided 
hydrogel muscle for water-immersed actuation, and (b) Enclosed shell-gel braided 
hydrogel muscle for water-transmitted actuation. 
 
The actuation strategy was chosen based on transmitting water into the shell-gel braided 
hydrogel muscle. Therefore, one ABS connector was fixed at one end, and the other end 
was blocked by using a PVC pipe with supporting hollow T-connector. A balloon (made 
of natural rubber latex) having diameter of 7-8mm was used to cover the shell-gel to 
ensure water retention prior to actuation test. The balloon was initially stretched through 
the radial direction, and then sleeved around the braided muscle.  Finally, adhesive was 
used for attaching the balloon to the PVC and ABS connectors. This set-up allowed 
water to fill the core of the shell-gel actuators but prevented flow through the channel 
and elimination. 
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2.3.4 Fabrication of Porous Braided Hydrogel Muscle 
The preparation of hydrogel rods was followed by the successful fabrication of porous 
BHM (Figure 2.8). Two different diameter cylindrical tubes (outer diameter =3mm and 
5mm; and inner diameter =1.25mm and 2.98mm respectively) were used as moulds to 
obtain the rod shape of hydrogel. The moulds were kept in an alginate solution (1.9 
wt%) for 12 h. Afterward, an aqueous CaCl2 solution (1.1 wt%) was used to replace the 
alginate solution. The calcium alginate rods were prepared and left in the CaCl2 solution 
for 24 h. Then, the CaCl2 solution was replaced by 10ml of buffer solution that 
contained NIPAAm monomer (2.5 wt%), MBAA (crosslinker, 0.2–0.6 wt%), APS 
(initiator, 0.1 wt%) and CaCl2 (1.1 wt %) and TEMED (300 μL). The calcium alginate 
rods were immersed in the buffer for 24 hours at 10°C.  
 
Figure 2.8 The fabrication process of porous braided hydrogel muscle. 
 
Finally, the hydrogel rods were stored in water at 10°C and heated at 60°C to shrink the 
hydrogel rods so that these could easily come out of the moulds. Once the hydrogel rods 
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were prepared, they were inserted into the hollow braid actuator. A set of five hydrogel 
rod filled braid actuators were fabricated with different diameter rods, (rod diameter 
ranged from 1.24mm to 2.97mm in wet condition). Finally, 3D printed ABS connectors 
were glued to each end of the actuator to conduct the actuation test in the water bath. 
2.4 Characterisation 
2.4.1 Characterisation of Hydrogel 
2.4.1.1 Swelling 
The swelling ratio of the ICE hydrogels in water was determined at 22°C by measuring 
the change in weight. The hydrogels were initially immersed in water for 72 hours and 
the swelling ratios, 𝑄𝑄  were calculated using: 
𝑄𝑄 = 𝑊𝑊𝑆𝑆−𝑊𝑊𝐷𝐷
𝑊𝑊𝐷𝐷
× 100%         (2.1) 
Here, 𝑊𝑊𝐷𝐷 is the dry weight of hydrogel and 𝑊𝑊𝑆𝑆 is the swollen weight of the hydrogel. 
Samples were dried by placing under a fume hood at 22°C for 72 hours. 
2.4.1.2 Thermoresponsive Gel Actuation  
The actuation of ICE hydrogels in water was stimulated by cycling the temperature 
between 5°C and 60°C. The ICE hydrogels were each immersed in water at 60°C and 
then at 5°C for 1 hour. The swelling ratio of the PNIPAAm hydrogels in water was 
determined during actuation by measuring the change in volume using a macroscope 
(Leica Macroscope Z-16, Leica Microsystems, Germany) in tandem with Leica 
Application Suite software. The volumetric swelling ratios, 𝑉𝑉, were calculated using: 
𝑉𝑉 = 𝑉𝑉𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐−𝑉𝑉ℎ𝑜𝑜𝑜𝑜
𝑉𝑉𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
× 100% where 𝑉𝑉 = 4
3
𝜋𝜋𝜋𝜋3     (2.2) 
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Here, 𝑉𝑉 is the volume of a bead, 𝜋𝜋 is the radius of the bead, 𝑉𝑉𝑐𝑐𝑐𝑐𝑙𝑙𝑖𝑖  is the volume at 5°C 
and 𝑉𝑉ℎ𝑐𝑐𝑡𝑡 is the volume at 60°C. 
2.4.1.3 Microscopy 
Leica Macroscope Z-16 and Optex 20/40x Stereo Microscope coupled with Leica 
Application Suite V4.12.0 and FutureWinJoe software were used to obtain the images of 
the hydrogels for the measurement of their diameter. 
2.4.1.4 Mechanical Testing 
Hydrogels were mechanically characterised under compression. Universal mechanical 
tester (Shimadzu, EZ-L) equipped with 10N load cell and compression clamps (Figure 
2.9), and coupled with analysing software (Trapezium X) was used to conduct uniaxial 
compression testing.  
 
Figure 2.9 Universal mechanical tester Shimadzu, EZ-L fitted with 10N load cell and 
compression clamps. 
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The hydrogels (6mm x 7mm x 10mm) were placed in the machine between the clamps 
and compressed with a crosshead speed of 1 mm/min. During the test, compression of 
the hydrogels was recorded by the control system and its associated software. The 
software recorded the readings of force as a function of displacement. These results were 
converted into stress (σ) and strain (ε) to calculate Young’s Modulus (E). 
2.4.1.5 Rheology Tests 
The rheology of these hydrogels was studied using a digital rheometer (Anton Paar 
Physica MCR 301) combined with (Rheoplus /32 V3.40) software to measure their flow 
behaviour and deformation (Figure 2.10). A Peltier heating system was attached to this 
rheometer.  
 
Figure 2.10 Anton Paar Physica MCR 301 Rheometer with PP-15 measuring tool and 
temperature-controlled sample platform with a Peltier heating system. 
 
The measuring tool PP-15 (Parallel plate, 15mm diameter) in conjunction with the 
rheometer was used for the hydrogel analysis. The shear stress (τ), strain (γ), storage 
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modulus (G´) and loss modulus (G´´) were recorded by the software. To conduct the 
test, cylindrical moulds (diameter=15mm and height=10mm) were used to cast the 
hydrogel solution. Once the hydrogel solution was polymerised, the gel cylinder rods 
were removed from the moulds. The characteristics of gelation were examined at shear 
strain between 0.01% to 100% and constant angular frequency 10rad/s. 
2.4.2 Characterisation of Linear Actuators 
2.4.2.1 Experimental Set-Up for McKibben Hydraulic Muscle and Braided 
Hydrogel Muscles 
McKibben hydraulic muscle was used to develop an integrated characterisation method 
for the mechanical and actuation properties of a linear actuator system. Conventional 
properties such as displacement, force, blocked force, free stroke, stiffness, response 
time, hysteresis, and stress relaxation results were extracted directly from this test 
method. The actuation system comprised of a few essential parts: professional test stand 
(purchased from RS Components, Australia); Mini Peristaltic Pump (MINISTAR, 
504011, flow range: 0.06-14.0mL/min, Speed: 1-50.0 rpm, forward/reverse); 
displacement  transducer (Solartron Metrology LVDT, ±25mm stroke -40°C +150°C, 
5V dc); digital pressure meter; a measuring cylinder (10ml); and load cell 500N (Model: 
MT 501, capacity: 50Kg, Serial no: RA 049949); (Figure 2.11).  
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Figure 2.11 In-house constructed experimental set-up for integrated characterisation of 
linear actuator systems. 
 
The top and bottom tube T-connectors of the muscle were connected to the peristaltic 
pump outlet and digital pressure meter, respectively, by using a PVC tube through the 
push locking system. The water-flow operation was conducted by turning on and off the 
wired control panel of the pump. When the pump was turned on, the water filled bladder 
became pressurised inside the muscle, which caused the muscle to contract. An e-corder 
data logger (ED 410, e-DAQ) was used to record the data from the displacement 
transducer, load cell and digital pressure meter. A set of mechanical and actuation 
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properties such as displacement, force, pressure, stress relaxation, hysteresis, and 
response time were extracted from the recorded data and saved for further analysis. The 
digital pressure meter together with a pressure sensor was used to monitor and record the 
water pressure inside the muscle.  
The standard experimental techniques such as isometric, isotonic, and against an 
opposing spring, tests for McKibben hydraulic muscle were conducted individually, and 
a combination test protocol of these three systems was developed to ease and shorten the 
duration of the full characterisation process. Another actuation experiment, the isobaric 
test was conducted to find the linearity of the muscles for linear actuation. In order to 
obtain the force-extension curves of HAM in the unactivated and activated states, 
loading/unloading measurements were conducted prior to and after stimulation. The 
transition between the two curves for each pre-load condition was determined. A 
combination of these experiments was completed to validate each other in terms of 
different muscle pre-stretching and pressurised conditions. Different pre-stretch of the 
actuator from 8N to 10N, and internal water pressure of 120kPa to 140kPa were applied 
in the tests. The actuation was determined once the force and/or displacement change 
had reached equilibrium after pressurising the muscle. All the experiments were 
conducted based on the theoretical basis for the graphical method of assessment of 
tensile actuators. 
The integrated test method was also utilised to characterise solid hydrogel filled braided 
hydrogel muscles, shell-gel braided hydrogel muscles, enclosed shell-gel braided 
hydrogel muscles and porous braided hydrogel muscles. For these actuators, two types 
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of experimental set up were used to achieve the actuation properties which are as 
follows: 
I. Water-immersed actuator test set-up: An in-house built acrylic sheet bath was 
used to conduct the actuation tests of solid hydrogel filled braided hydrogel 
muscles, water-immersed shell-gel braided hydrogel muscles, and porous braided 
hydrogel muscles in hot and cold water. A shell-gel braided hydrogel muscle was 
attached to the load cell and immersed in hot water at 60°C. Then, the hot water 
was replaced by cold water of 5-8°C temperature and was maintained at this 
temperature for approximately 2 hours by continuously adding crushed ice.Hot 
water at 60°C was then used to replace the cold water. Force, displacement and 
response time were recorded by the e-corder data logger (Figure 2.12). 
II. Enclosed shell-gel braided hydrogel muscle test set-up: The enclosed shell-gel 
braided hydrogel muscle with a T-connector was attached to load cell and the other 
end was connected to a professional test stand by an ABS end connector (Figure 
2.13). A hot air gun (HGN-2100, OZITO) was used to externally heat the actuator 
that to a temperature of 60°C; the samples were left to cool down at room 
temperature (~22°C). A thermocouple was used to measure the internal 
temperature; the probe tip was inserted and glued into the muscle before the test 
was conducted.    
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Figure 2.12 In-house actuation test set-up for water bath-based braided hydrogel 
muscle. 
 
 
Figure 2.13 In-house actuation set up for enclosed shell-gel braided hydrogel muscle. 
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2.4.2.2 Experimental Set-up for Gel filled Muscle 
An in-house experimental set-up was designed to measure force, displacement and 
stiffness of gel-filled muscle. The set up comprised: a small water container (250mL), 
the gel bead-filled muscle, a thermocouple, and a laser displacement detector (Figure 
2.14). An e-corder data logger (ED 410, e-DAQ) was used to process the signals from 
the laser detector and thermocouple, data was processed by e-DAQ software. Different 
lengths of spring (11, 16, 23, 29, 34 and 55mm) with different spring constants (102, 
220, 375, 565, 712 and 1020 N/m) were used to conduct the tests.  
 
Figure 2.14 Schematic illustration of the actuation test set-up developed in-house. 
 
A hot plate and ice were used to maintain the temperature of the water bath at the hot 
and cold states, respectively. The gel-filled muscle was attached to a spring and 
immersed in hot water at 60°C and then the hot water was exchanged for cold water at 
8°C and maintained at this temperature for 2 hours. During this period, the length 
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change was recorded. The use of springs with different stiffness provided different 
external mechanical loading conditions to the muscle. This study is important to check 
the practical feasibility of the muscles in real world applications.  
Free strain obtained from the experiments was utilised to calculate the relevant force 
generation from Hooke’s law 120: 
F=kX          (2.3) 
Here, k is a constant characteristic for the spring related to its stiffness and X is the 
displacement of the muscle, which was kept comparatively small compared to the total 
possible deformation of the spring.  
2.4.2.3 Porosity of the Hydrogel Filled Actuators 
Compact hydrogel beads and rods always create significant porosity inside the linear 
actuator, which accelerates water transmission throughout the gel. Porosity of the gel 
bead filled muscle and porous braided hydrogel muscle was calculated by the following 
equation: 
Braid Porosity (%) = 100 x (Volume of hydrogel/ Inner Volume of the braid) (2.4) 
Volume of the hydrogel was calculated from density and mass of the experimented gel. 
To measure the mass, the hydrogel was immersed in water to reach equilibrium 
swelling, and then weighed. The inner volume of the braid was determined by measuring 
the dimensions of the braid. 
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2.5 Summary 
This chapter describes the developed the fabrication methods for braided artificial 
muscles such as McKibben hydraulic muscle, hydrogel bead filled muscle, solid 
hydrogel filled muscle, shell-gel braided muscle, enclosed shell-gel muscle and porous 
hydrogel muscle. The conventional McKibben muscles were used to develop an 
integrated characterisation method for linear actuator systems to characterise the 
mechanical and actuation properties. Conventional properties such as displacement, 
force, blocked force, free stroke, stiffness, response time, hysteresis, and stress 
relaxation results were extracted directly from this test method.   
Hydrogel bead filled muscles were prepared by inserting them into a polymeric braided 
sleeve and blocking both ends. Fundamental properties of the hydrogel were evaluated 
by using conventional characterisation test techniques such as swelling, 
themoresponsive actuation, microscopy, mechanical, and rheology. An in-house 
experimental set-up was designed to measure force, displacement and stiffness of gel-
filled muscle. The gel-filled muscle was attached to springs of different stiffness, which 
provided different external mechanical conditions to the muscle.  
Braided hydrogel muscles were fabricated by coating ribbons of parallelly placed cotton 
fibres with gel solution. Solid hydrogel filled braided muscles were prepared by 
polymerising gels within the cotton braid or placing the pre-fabricated gel rods within 
the braid. Characterisation of fabricated gels was conducted to evaluate the basic 
properties such as swelling ratio, themoresponsive actuation, morphology, mechanical 
properties and rheology. A new test method was developed to characterise the 
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mechanical and actuation properties of the linear actuator under variable external 
loading. 
In conclusion, the experimental methods established in this chapter have provided clear 
insight into synthesising themoresponsive hydrogel, the construction of hydrogel based 
novel braided artificial muscle, and their characterisation procedures. 
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CHAPTER 3 Development of Test Methods  
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3.1 Introduction 
The performance of the mechanical actuator is dependent on the material, structure, and 
properties of the actuator but is also influenced by external loading conditions 121,122. 
Characterising the performance of any mechanical actuator requires an appreciation of 
the effect of the external load. The aim of this chapter is to develop an actuator testing 
protocol using a well-known actuator, the McKibben artificial muscle. Development of 
the method is guided by a mechanics-based theory that describes the force generated and 
displacement of an ideal actuator material. Hydraulic McKibben artificial muscles were 
evaluated to determine any non-idealities in their behaviour and to develop 
modifications to the test method to accommodate these issues. 
Mechanical actuators generate a combination of displacement and force when subjected 
to external stimuli. The magnitude of the force and displacement depends upon 
properties of the material such as free stroke (ΔLo) and stiffness (kA), which are 
illustrated in Figure 3.1 for an ideal actuator that has strain-invariant stiffness and no 
loading-unloading hysteresis. Free stroke is defined by the maximum equilibrium 
displacement of the material without any externally applied force and when exposed to a 
given stimulus (Figure 3.1a). Actuator stiffness is denoted by the slope of each line of 
force-extension. The stiffness can be altered by the actuation stimulus, such as heat, 
light, electric field or change in a chemical environment.  
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Figure 3.1 Illustration of the properties of an ideal mechanical actuator: free stroke and 
stiffness. a) change in length without external force designates the free stroke (ΔLo) here 
shown as a contraction in length; b) force-extension curves for the actuator in its initial 
(unstimulated) and final (stimulated) states in which the slope of the two straight lines 
indicates the stiffness (kA) of the material. The material here is shown to have strain-
invariant stiffness without any loading-unloading hysteresis. 
 
The change in actuator length triggered by the stimulus and represented by the force-
extension line in the activated state, and in the absence of external applied force, is offset 
along the horizontal axis as shown in Figure 3.1b. In this figure, the stiffness decreases 
once the actuator is stimulated 123. However, in reality, the stiffness can decrease, 
increase or stay the same. External loading conditions are important when determining 
the force and displacement (or stroke) for a given input stimulus, and understanding the 
influence of external loads is essential for compliant actuators 123.  
3.2 Actuation Properties of an Ideal Actuator under Different Mechanical 
Conditions  
For characterising the actuators, two extreme cases are often considered: isotonic and 
isometric. In the isotonic condition, the actuators produce mechanical work by means of 
physical movements such as linear, bending, torsion, either alone or in combination. The 
isometric condition provides negligible movements of the actuators, and the actuator 
generates its maximum force and / or torque.  
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3.2.1 Isotonic Actuation of an Ideal Tensile Actuator 
At constant force loading, the stimulation of a tensile actuator causes displacement to 
occur, and this condition is referred to as ‘isotonic’ (Figure 3.2). As illustrated in Figure 
3.2a, the change in length occurs at constant external force. The extent of displacement 
can be graphically illustrated as in Figure 3.2b, where the isotonic actuation 
displacement is depicted as the horizontal distance from the initial (unactivated) to final 
(activated) state that is drawn at the force corresponding to the external load 124.  
 
Figure 3.2 Illustration of isotonic actuation at constant external force. (a) O-A 
demonstrates the pre-loading condition of an actuator and A-B illustrates the actuation 
displacement when a stimulus is applied to the actuator, length change (ΔLA); (b) 
Isotonic actuation displacement from initial (unactivated) state, A to final (activated) 
state with the pre-load (pre-stretch) from O to A. The displacement (ΔLA) during 
activation is illustrated by the arrow. Dashed line shows the actuation free stroke (ΔLo) 
that occurs with a zero-external force 124. 
 
Figure 3.3 shows the qualitative relation of different isotonic loading conditions and 
resulting actuator displacements. Figure 3.3a shows that the higher the pre-load force, 
the lower the isotonic actuation displacement due to the reduction in stiffness of the 
actuator when stimulated. In contrast, in Figure 3.3b, the higher the pre-load force, the 
higher the isotonic actuation displacement because of the higher stiffness of the actuator 
when stimulated. In Figure 3.3c, the isotonic actuation stroke (ΔLF) which is also known 
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as displacement varies with different pre-load condition. FA, FC and FE represent the 
increasing amount of pre-applied forced. Stroke decreases with increasing pre-load when 
the stimulated actuator has lower stiffness (k´A< kA) whereas with an increase in stiffness 
on activation (k´A > kA), the stroke increases as pre-load increases. 
 
Figure 3.3 Illustration of isotonic actuation at constant external force with different 
stiffnesses of the actuator in the stimulated (red lines) and unstimulated (blue lines) 
conditions. The free stroke in these examples is a contraction. (a) Isotonic actuation 
displacement with smaller stiffness in the activated state; (b) isotonic actuation 
displacement with larger stiffness in the activated state, and (c) stroke (ΔLF) as a 
function of pre-load force with two different stiffness conditions; k´A > kA and k´A < kA. 
Here, k´A and kA are the actuator stiffnesses in stimulated and non-stimulated conditions, 
respectively. 
 
In Figure 3.4a, it is also shown that the work output can be estimated as the area below 
the force-extension curves. In Figure 3.4b, work output becomes greater with stiffness-
increasing materials (k´A > kA), whereas stiffness-decreasing materials (k´A < kA) exhibit 
smaller work output at increasing pre-stretch conditions. The work output becomes 
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proportional to the pre-load force when stiffness remains the same in the initial and final 
states (k´A = kA). 
 
Figure 3.4 Illustration of isotonic actuation with work output. (a) The box represents the 
work output of the actuator at various isotonic preloads; and (b) work output as a 
function of applied pre-load force with different stiffness changing materials. 
 
3.2.2 Isometric Actuation of an Ideal Tensile Actuator 
Figure 3.5 illustrates the isometric force generation at constant length during the 
actuation. The maximum force is produced at unchanged actuator length in the 
‘isometric’ condition. In this case, the blocked force (ΔFb) is generated when the 
actuator is fully constrained. It has been shown that as pre-stretch changes, the blocked 
force also changes at constant length (Figure 3.5b) and depends on whether the actuator 
stiffness changes during stimulation 124.  
Figure 3.6 depicts the isometric force generation with two different stiffness materials. 
As the stiffness of the material decreased during activation, the blocked force decreased 
in magnitude when a higher preload was used.  In contrast, the blocked force increased 
with a stiffness-increasing actuator at increased pre-stretch conditions. The blocked 
force can vary significantly with varying initial force (initial pre-stretch).  
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Figure 3.5 Illustration of isometric actuation at constant length (a) O-A shows the 
preloading of an actuator and A-B illustrates the unactivated state to the activated state; 
(b) Isometric force generation from initial (unactivated) state, A to final (activated) state, 
B at the indicated pre-stretch condition. The force generation during activation is 
illustrated by the arrow. Dashed arrow shows the actuation blocked force (ΔFb) with a 
zero-preload force. 
 
 
 
Figure 3.6 Illustration of isometric force generation at constant length with two different 
stiffness changes during activation: (a) isometric force generation with a lower stiffness 
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in activated state; (b) isometric force generation with higher stiffness in the activated 
state and (c) blocked force as a function of initial force (initial pre-stretch) with two 
different stiffness change materials: k´A > kA and k´A < kA. 
 
3.2.3 The Combined Change of Length and Force Actuation of an Ideal Tensile 
Actuator 
Combined changes in length and force during actuation are a typical outcome in many 
practical situations. Figure 3.7 illustrates one example where a contractile actuator lifts a 
weight from a support. The initial force applied to the actuator is zero. The initial stages 
of actuation are isometric with the force generated by the actuator increasing. When this 
force equals the gravitation force applied by the attached weight, the actuation changes 
to isotonic. This phenomenon can be depicted by the force-extension curves in Figure 
3.7b where the isotonic actuation seems to happen once the isometric force exceeds 
point A in the vertical direction.  Initial isometric loading is represented by the vertical 
line O-A (ΔF) and the isotonic displacement is represented by the horizontal line A-B 
(ΔL).  
 
Figure 3.7 Illustration of changing force and changing length (a) O and A shows the 
change in length and force of an actuator and (b) development of the actuation force and 
displacement as represented by isometric (O-A) and isotonic (A-B) phases. 
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3.2.4 Actuation of an Ideal Tensile Actuator Operating Against a Spring 
Hooke’s law states that the force applied by a spring is proportional to the extension or 
compression of the spring from its equilibrium length. The spring constant (k) is a 
measure of the stiffness of the spring 120. In Figure 3.8a, an actuator operating against a 
spring in series has been illustrated. The actuation stroke and force generated by the 
actuator are represented by the transition between the starting point which lies on the 
initial (unactivated) force-extension line and the final point, which falls on the force-
extension line in the activated state (Figure 3.8b). The straight line connecting these 
initial and final points has a slope equivalent to the external spring stiffness. The preload 
applied to the actuator in the initial state is determined by how much the spring is 
stretched when connected to the actuator 124. This preloading is determined by distance 
∆LT in Figure 3.8a or O-A in Figure 3.8b.  
 
Figure 3.8 Illustration of actuator operating against a spring in series (a) O-B-C shows 
the unattached spring to attached spring with actuator. ΔLT denotes the length difference 
between actuator and spring, (b) Force–extension curve with spring constant in initial 
(unactivated) and final (activated) state of the actuator. The spring constant (stiffness) is 
represented by the slope of the line A-B-C 124. 
 
3.2.5 Force-Stroke Curves 
The general actuation behaviour can be understood as a transition from any point on the 
initial force-extension curve as shown in Figure 3.9. The external loading conditions can 
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be super-imposed on the actuator force-extension curves to identify the initial and final 
points. As described above, the shape of the external loading curve can be horizontal 
(isotonic), vertical (isometric), constant slope (spring) or any combination.  
 
Figure 3.9 Illustration of a general modelling approach of this study (a) external loading 
condition of the artificial muscle (actuator), and (b) force and extension alongside the 
line of action of the actuator. This study considered negative extension (i.e. contraction) 
as a positive change. 
 
Since the actuation stroke and force generated are clearly influenced by the external 
loading conditions, a robust method for quantifying the actuation performance must be 
identified. The force-stroke curves are one way to represent the mix of force generated 
and displacement produced by a given actuator based on known initial loading 
conditions. As illustrated in Figure 3.10, when an actuator is pre-stretched from O to 
point A followed by stimulation it can produce any combination of actuation generated 
forces and displacements that lie at any point along the section of line B-D. Isotonic and 
isometric actuations are depicted by arrows A-B and A-D, respectively. The significance 
of pre-stretch is understood by comparing the predicted actuation behaviour when the 
artificial muscle is pre-stretched to point A or to point X. The force stroke curve is 
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drawn with its origin at the pre-load point and with axes of actuation stroke (ΔL) and 
force generated (ΔF). As illustrated in Figure 3.10b the force-stroke curves can vary for 
the same actuator depending on the initial pre-load applied. 
 
Figure 3.10 Illustration of theoretical actuation stroke and force relationships for a linear 
elastic actuator material. (a) Force-extension curves in the initial (unactivated) and final 
(activated) states for the case of a contractile actuator with decreasing stiffness on 
activation. The displacements and/or forces generated during activation are illustrated by 
the arrows. Dashed arrows show the actuation free stroke (ΔLo) and blocked force (ΔFb) 
produced when there is no pre-stretch applied to the actuator; and (b) actuation force-
stroke curves showing the mixture of possible forces and displacements generated when 
the actuator is stimulated and for the three different pre-stretch levels shown in (a)123,124. 
 
The force-stroke curve for linear elastic materials is a straight line with a slope 
equivalent to the actuator material’s stiffness in the activated state. This phenomenon is 
described by the following expression in which ΔFA and ΔLA are the actuation force and 
stroke generated once the actuator is pre-stretched to an initial force of FA: 
∆𝐹𝐹𝐴𝐴 = 𝑘𝑘′𝐴𝐴(∆𝐿𝐿𝐴𝐴 − ∆𝐿𝐿0) + 𝐹𝐹𝐴𝐴 �𝑘𝑘′𝐴𝐴𝑘𝑘𝐴𝐴 �−1       (3.1) 
kA and k´A are the stiffnesses of the actuator material in the unactivated and activated 
states, respectively. It can be shown by rearranging equation (3.1) that actuation stroke is 
70 
 
the numerical sum of the free stroke (ΔLo) and the difference in the deformation induced 
as the external load changes from the initial load (FA) to the final load (F´A): 
∆𝐿𝐿𝐴𝐴 = ∆𝐿𝐿0 + 𝐹𝐹′𝐴𝐴𝑘𝑘′𝐴𝐴 − 𝐹𝐹𝐴𝐴𝑘𝑘𝐴𝐴        (3.2) 
The actuation performance under any external loading conditions, including isometric, 
isotonic or when both actuator length and force vary can be obtained by the derivation of 
the equations (3.1) and (3.2) . The foremost required material parameters to describe the 
actuation performance are the free stroke (at zero applied load) and the actuator 
stiffnesses before and after activation123. 
3.3 Experimental Investigation of Force Generation and Displacement of 
McKibben Hydraulic Muscle 
The experimental investigation of force generation and displacement of McKibben 
hydraulic muscle was conducted to establish if they perform as in the ideal actuators 
described above. The importance of pre-stretch and varied pressurised condition on the 
isotonic, isometric, and spring-based actuation of hydraulic muscle at room temperature 
is described in the following sections. For this purpose, a muscle, length of 59 mm and 
diameter of 7.6 mm was used in the in-house experimental set up.  
3.3.1 Analysis of Force-Extension Curves 
Figure 3.11 shows the force-extension curves of McKibben hydraulic muscle that was 
experimentally tested for three consecutive cycles (Cycle 1-3). Of initial interest was the 
reproducibility of the muscles’ force-extension curves when unpressurised. As shown in 
Figure 3.11, the muscle was tested using three identical methods by stretching to 27N 
and then unloaded. The loading and unloading curves in all three cases were different, 
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although the overall shape was similar. The differences in these curves were likely due 
to different starting states. The braids can be deformed easily around their initial starting 
braid angle and fibre friction can mean that the sample starting length is variable even 
with no external load applied. In all three cases, the sample length was almost identical 
after the samples were stretched and then relaxed to zero force. This procedure was used 
in all subsequent tests to fix a common starting point. The loading and unloading curves 
in the unpressurised state were non-linear due to a stiffening of the muscle as the muscle 
was stretched and the braid angle became small. The hysteresis in the loading and 
unloading curves was a common feature during all testing and is a well-known 
phenomenon in McKibben muscles that is related to fibre-fibre and braid-bladder 
friction. 
 
Figure 3.11 Force-Extension curves generated from hydraulic muscle when stretched by 
using 27 N force and then relaxed to 0 N force. The natural variation of force-extension 
curves obtained from the same sample while tested under zero pressure. 
 
3.3.2 Isotonic Actuation of McKibben Hydraulic Muscle 
The isotonic actuation of the McKibben hydraulic muscle was studied to evaluate the 
influence of pressure and pre-stretch condition at room temperature on the muscle 
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actuation. In this regard, to understand the effect of pressurised condition on the muscle, 
different water pressures (120 kPa, 130 kPa and 140 kPa) were employed in the 
hydraulic muscle at a no pre-stretch and an 8 N pre-stretch condition. Following this, a 
variety of pre-stretch was applied to determine the effect of pre-stretch on the muscle 
actuation at constant pressure of 120 kPa. As demonstrated in the general modelling 
approach, this study considers the negative displacement direction to be a positive 
isotonic stroke.  
3.3.2.1 Effect of Pressure on Isotonic Actuation of McKibben Hydraulic Muscle 
Figure 3.11 shows the time dependent behaviour of the isotonic actuation of McKibben 
hydraulic muscle, without pre-stretch, at pressures of 120 kPa, 130 kPa and 140 kPa. In 
the time curves presented in this thesis, pressure, displacement and force are represented 
as black, blue and red solid lines, respectively, unless otherwise stated. The results are 
also summarised in Table 3.1. Isotonic stroke is measured as the amount of displacement 
towards the negative direction when pressurised.   
Table 3.1 Isotonic Actuation of McKibben hydraulic muscle without pre-stretch. 
Pre-stretch (N) Pressure (kPa) Isotonic stroke (mm) 
0 120 6.48 
130 6.52 
140 6.65 
 
Figures 3.12a-3.12c show that there was a difference in time taken to obtain the free 
stroke of the muscle when increasing the pressure from 120kPa to 140kPa. In each case, 
the isotonic actuation of the muscle exhibited consistency upon pressurisation, indicated 
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by almost identical contraction strokes of the muscle in the activated state at the three 
different pressures. 
 
Figure 3.12 Time dependence behaviour of isotonic actuation of McKibben hydraulic 
muscle obtained at room temperature in unpressurised and pressurised condition. 
Different pressures (a) 120 kPa, (b) 130 kPa and (c) 140 kPa are applied for 
pressurisation the muscle without pre-stretch condition. 
 
Figure 3.13 depicts the time dependent behaviour on the isotonic actuation of McKibben 
hydraulic muscle at pressures of 120 kPa, 130 kPa and 140 kPa at constant pre-stretch of 
8N.  The isotonic strokes are summarised in Table 3.2. 
Table 3.2 Isotonic Actuation of McKibben hydraulic muscle at 8N pre-stretch.  
Pre-stretch (N) Pressure (kPa) Isotonic stroke (mm) 
8 120 3.47 
130 3.64 
140 3.83 
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The sample was first pre-stretched with 8N that produced a displacement of ~1.02mm 
and then pressurised to the target maximum pressure. As the pressure increased the 
isotonic stroke was observed to increase. In these tests, the pressurised sample was also 
unloaded and re-loaded to obtain the force-extension curve (which will be discussed in 
more detail below). Isotonic stroke is determined as the amount of displacement in the 
negative direction when the actuator was unloaded while maintaining pressure. 
 
Figure 3.13 Time dependence behaviour of isotonic actuation of McKibben hydraulic 
muscle obtained at room temperature in unpressurised and pressurised condition 
(force/stroke curve). Different pressure (a) 120 kPa, (b) 130 kPa and (c) 140 kPa are 
applied for pressurization the muscle at 8N pre-stretch. 
 
3.3.2.2 Effect of Pre-stretch on Isotonic Actuation of McKibben Hydraulic Muscle 
Figure 3.14 shows the time curve of the isotonic actuation of McKibben hydraulic 
muscle with pre-stretch of 9N and 10N force at constant pressure, 120 kPa. It can be 
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seen from these figures and the summarised data in Table 3.3 that the isotonic actuation 
stroke of the hydraulic muscle decreased with increased pre-stretch. 
Table 3.3 Isotonic Actuation of McKibben hydraulic muscle at different pre-stretch 
conditions.  
Pressure (kPa) Pre-stretch (N) Isotonic stroke (mm) 
120 8 3.47 
9 3.26 
10 3.19 
 
This observation also continues the trend shown in Figure 3.12(a) where the isotonic 
displacement at 8 N was larger than at 9 N and at 10 N.  
 
Figure 3.14 Time dependence behaviour of isotonic actuation of McKibben hydraulic 
muscle obtained at room temperature in unpressurised and pressurised condition. 
Different degrees of pre-stretch (a) 9N and (b) 10N are applied before pressurization the 
muscle at 120 kPa.  
 
3.3.2.3 Study of Isotonic Displacement using Force-Extension Curves 
Force-extension curves are now utilised to analyse the experimental results obtained 
from isotonic testing. Figure 3.15a shows a comparison of the experimental results for 
isotonic displacement of hydraulic muscle at different pre-stretch conditions when 
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operated at a constant water pressure. Measured force-extension curves highlight a 
significant discrepancy between the measured isotonic contractions and the theoretical 
values. The latter are expected to be determined by the horizontal distance between the 
force-extension curves in the unpressurised and pressurised states. However, the 
experimentally measured isotonic displacements (shown as horizontal arrowed lines) 
were significantly higher than the distances between the force-extension curves. Similar 
outcomes were found for actuated muscles operated at different water pressures and with 
a constant pre-stretch condition (Figure 3.15b).  
 
Figure 3.15 Force-extension curves of the McKibben muscle in unpressurised and 
pressurised conditions (force-stroke curves). (a) Different pre-stretch conditions of 8, 9, 
and 10 N were used while water was pumped at constant 120 kPa pressure. (b) Different 
water pressure of 130 kPa (left plot) and 140 kPa (right plot) at 8 N pre-stretch 
condition. Relevant experimental results at isotonic conditions are represented by 
horizontal arrowed lines. 
 
The differences between theoretical and experimental results were not a consequence of 
the hysteretic characteristic of loading-unloading a hydraulic muscle. The possible 
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causes of these discrepancies are discussed further below. It should be noted that, similar 
to isometric force generation, the isotonic displacements were found to be higher with 
higher water pressure and lower with increasing pre-stretch. These observations are in 
general agreement with the negative shift in the force-extension curve with increasing 
pressure and with the lower stiffness of the pressurised muscle in comparison with the 
unpressurised state. 
 
3.3.2.4 Synopsis 
The significance of the pressurised and pre-stretch conditions on the isotonic actuation 
of the McKibben hydraulic muscle has been investigated by considering different water 
pressures and pre-stretch levels. There was not much change in the free stroke when the 
applied water pressure was increased from 120kPa to 140kPa without being pre-
stretched. However, the amount of overall stroke was observed to decrease as the pre-
stretching forces were increased.  
3.3.3 Isometric Actuation of McKibben Hydraulic Muscle 
The isometric force generation of the McKibben hydraulic muscle was studied by 
evaluation of the influence of pressure and pre-stretch condition at room temperature on 
the muscle actuation. Water pressures of 120 kPa, 130 kPa and 140 kPa were used to 
stimulate the hydraulic muscle at no pre-stretch and 8 N pre-stretch conditions. In 
addition, a range of pre-stretch forces were applied to determine the effect of pre-stretch 
on the muscle actuation at a constant pressure of 120 kPa.  
3.3.3.1 Effect of Pressure on Isometric Actuation of McKibben Hydraulic Muscle 
Figure 3.16 illustrates the time curve of McKibben hydraulic muscle for isometric force 
generation, without being pre-stretched, under various pressures, at room temperature. 
The experiment also included a load/unload cycle in the initial, unpressurised state and 
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another load/unload cycle in the final, pressurised state. The initial muscle stretching and 
relaxing also stabilised the braid length in the unpressurised state. It was observed that 
friction in the braid meant that it could show a range of unloaded lengths when 
unpressurised. Initial stretching and relaxing produced a more consistent unloaded 
length. The value of isometric force was determined as the force generated at constant 
length when the muscle was pressurised. Unloading the muscle to zero force in the 
pressurised state also gave a measure of the free stroke. The blocked forces are 
summarised in Table 3.4 It is seen that the blocked force increased with increasing 
pressure. 
Table 3.4 Isometric Force of McKibben hydraulic muscle without pre-stretch. 
Pre-stretch (N) Pressure (kPa) Isometric Force (N) 
0 120 15.78 
130 17.30 
140 18.31 
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Figure 3.16 Time dependent behaviour of McKibben hydraulic muscle obtained at room 
temperature (stretch-relax) in unpressurised and pressurised conditions and these data 
were used to extract force/stroke curves. Different pressure (a) 120 kPa, (b) 130 kPa and 
(c) 140 kPa were applied for pressurization of the muscle. 
 
Figure 3.17 shows the force generation and force/displacement of the muscle, after pre-
stretching, when pressurised to different amounts. An initial stretch/relax cycle of the 
muscle was performed to stabilize the muscle unloaded length and followed by 
stretching it to 8N. Stabilising the muscle length is important to ensure that any 
irreversible deformation will not affect the actuation properties. Once water was pumped 
the pressure caused further force generation, A force/displacement curve was generated 
afterward by manually decreasing the force. As shown in Table 3.5, after pre-stretching 
to 8N, a noticeable increase in the force generated was observed as the water pressure 
was increased. 
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Table 3.5 Isometric Force of McKibben hydraulic muscle at 8N pre-stretch. 
Pre-stretch (N) Pressure (kPa) Isometric Force (N) 
8 120 12.21 
130 12.98 
140 14.21 
 
 
Figure 3.17 Time dependent behaviour of McKibben hydraulic muscle obtained at room 
temperature (stretch-relax) in both the unpressurised and pressurised conditions. 
Different pressure (a)120 kPa, (b) 130 kPa and (c) 140 kPa are applied for pressurisation 
the muscle at 8N pre-stretch. 
 
3.3.3.2 Effect of Pre-stretch on Isometric Actuation of McKibben Hydraulic Muscle 
Figure 3.18 illustrates the time dependent behaviour of isometric force generation of 
McKibben hydraulic muscle having different pre-stretch conditions at constant pressure 
of 120 kPa. The applied 9N and 10N pre-stretch gave muscle displacement of 1.09 mm 
and 1.23 mm, respectively. The force generation results are summarised in Table 3.6. A 
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reduction in the force generated and displacement was found upon increasing the pre-
stretch.  
Table 3.6 Isometric Force of McKibben hydraulic muscle at different pre-stretch. 
Pressure (kPa) Pre-stretch (N) Isometric Force (N) 
120 8 12.21 
9 10.49 
10 8.95 
 
 
Figure 3.18 Time dependent behaviour of McKibben hydraulic muscle obtained at room 
temperature (stretch-relax) in unpressurised and pressurised condition. Different degree 
of pre-stretch (a) 9N and (b) 10N are applied before pressurization the muscle at 120 
kPa. 
 
3.3.3.3 Study of Isometric Force Generation using Force-Extension Curves 
The experimental results have identified that the isometric force generated by the 
hydraulic McKibben muscles increased with increasing pressure but decreased with 
increasing the pre-load force. These effects are evaluated by comparing the force-
extension curves in the unpressurised state with those in the various pressurised 
conditions. The isometric force generated with varying pre-stretch condition: 8N, 9N 
and 10N, at constant 120 kPa water pressure is shown in Figure 3.19a by overlaying the 
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force-extension curves. Significant hysteresis was found in the force-extension curves in 
each condition, possibly due to the stress relaxation effect as friction effects are time-
dependent. Each test consisted of loading and unloading the unpressurised muscle (to set 
the initial state) and then loading to the pre-set value. The pressure was then increased to 
120 kPa, and the sample then unloaded to zero force and then re-loaded to the isometric 
force. Finally, the sample was depressurised. For all three pre-load forces, the same 
pattern of force change was observed. The initial force generation during pressurization 
resulted in a vertical shift from the unpressurised loading curve to the top of the 
unloading curve at 120kPa. Unloading and immediate reloading in this pressurised state 
generated the loading curve with a higher force needed to generate every strain. 
Depressurization saw a vertical shift from the top of the re-loading curve at 120kPa to 
the loading curve at zero bar. As a consequence of this behaviour, the magnitude of the 
isometric force decrease during depressurization was larger than the initial isometric 
force increases during pressurization. The natural hysteresis in the mechanical behaviour 
of McKibben muscles produces a variation in the force generated and the actual 
isometric force generated depends on the sample’s loading history. Despite these 
variations, it has been found that the stiffness of the muscle in the pressurised condition 
was smaller than in the unpressurised state. As a consequence of this stiffness change, 
the force generated by the hydraulic muscle decreased with increased pre-stretching. 
Figure 3.19b shows the force-extension results of the muscle at unpressurised condition 
followed by applying pressure of 130 kPa and 140 kPa, respectively. In these 
experiments the sample was pre-stretched by 8N force prior to applying pressure. Again, 
the loading-unloading hysteresis produces a large variation in the isometric force change 
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during pressurisation compared with depressurisation. However, the general trend of 
increasing force change with increasing input pressure is clearly evident. 
 
Figure 3.19 Force-extension curves of the McKibben muscle in unpressurised and 
pressurised conditions (force-stroke curves). (a) Different pre-stretch conditions of 8, 9, 
and 10 N were used while water was pumped at constant 120 kPa pressure. (b) Different 
water pressures: 130 kPa (left plot) and 140 kPa (right plot), at 8 N pre-stretch condition.   
 
3.3.3.4 Synopsis 
The effect of pressure and pre-stretch condition on the isometric force generation of the 
McKibben hydraulic muscle has been investigated by employing various pressurised and 
pre-stretch conditions. The amount of blocked force generated was found to be greater 
as the water pressure was increased. However, a reduction in the force generation and 
displacement were found at increased muscle pre-stretch.   
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3.3.4 Actuation of McKibben Hydraulic Muscle against a Spring 
The actuation behaviour of the McKibben hydraulic muscle against a spring in series 
was studied by evaluation of the influence of pressure and pre-stretch condition, at room 
temperature. In this regard, to investigate the effect of pressure on the muscle’s actuation 
different water pressures: 120 kPa, 130 kPa and 140 kPa were employed in the hydraulic 
muscle at 8 N pre-stretch. In addition, a variety of pre-stretch forces were applied to 
determine the effect of pre-stretch on the muscle actuation at constant pressure of 120 
kPa.  
3.3.4.1 Effect of Pressure on McKibben Hydraulic Muscle Actuation against a 
Spring 
The influence of pressure at room temperature on McKibben hydraulic muscle actuation 
against a spring in series has been analysed at a constant pre-stretch condition. Various 
water pressures: 120 kPa, 130 kPa and 140 kPa were utilised in the hydraulic muscle at 
8N pre-stretch. Figure 3.20 depicts the experimentally obtained time curves for 
McKibben hydraulic muscle against a spring obtained at different water pressures. In 
each experiment, the muscle was initially pre-stretched before pressurising and 
depressurising. Figure 3.20 shows the changes in sample length, force, and pressure 
applied during the course of the experiment. The force increases during pressurisation 
and decreases to near the pre-stretch value after depressurisation. As when the muscle 
was operated without a spring, the amount of force generation against the return spring 
increased as the input water pressure was increased. The results are summarised in Table 
3.7. The value of isometric force was determined as the force generation at constant 
length when the muscle was pressurised. 
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Table 3.7 Isometric Force of McKibben hydraulic muscle against a spring at 8N pre-
stretch. 
Pre-stretch (N) Pressure (kPa) Isometric Force (N) 
8 120 1.17 
130 1.25 
140 1.40 
  
 
Figure 3.20 Time dependent behaviour of McKibben hydraulic muscle against a spring 
obtained at room temperature in unpressurised and pressurised condition. Different 
pressure (a) 120kPa, (b) 130kPa and (c) 140kPa are applied for pressurization the 
muscle at 8N pre-stretch.  
 
3.3.4.2 Effect of Pre-stretch on McKibben Hydraulic Muscle Actuation against a 
Spring 
An experimental study was completed to evaluate McKibben hydraulic muscle actuation 
against a spring in series with varying pre-stretch conditions: 8N, 9N, and 10N, at 120 
kPa water pressure. Figure 3.21 illustrates the force displacement curves with spring 
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stiffness at different degrees of pre-stretch, 9N and 10N, before pressurising the muscle 
at 120 kPa. The forces generated are summarised in Table 3.8. It was found that force 
decreased as a result of increasing pre-stretch condition. 
Table 3.8 Isometric Force of McKibben hydraulic muscle against a spring at different 
pre-stretch. 
Pressure (kPa) Pre-stretch (N) Isometric Force (N) 
120 8 1.17 
9 1.13 
10 1.01 
 
 
Figure 3.21 Time dependence behaviour of McKibben hydraulic muscle against a 
spring obtained at room temperature in unpressurised and pressurised condition. 
Different degrees of pre-stretch (a) 9N and (b) 10N are applied before pressurization the 
muscle at 120 kPa. 
 
3.3.4.3 Study of Force Generation and Displacement of Hydraulic Muscle against a 
Spring 
In this section, the force and displacement generated from a McKibben muscle is studied 
when acting against a tensile spring. The amount of force generation is expected to be 
compromised as a result of the dependence of spring extension on spring rigidity. 
Similarly, the displacement generated is expected to be decreased compared with an 
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isotonic test due to the increasing spring force experienced by the muscle during its 
contraction. Force-extension curves are again utilised to analyse the force/stroke 
generation results of the muscle with a spring. Figure 3.22a shows the comparison of 
experimental and theoretical results for displacement of a hydraulic muscle with a return 
spring at different pre-stretch conditions, when operated at a constant water pressure. 
The force/displacement curve of a tensile spring was experimentally generated and co-
plotted so as to intersect the muscle loading curve (0 kPa) at the designated pre-load 
condition. It should be noted that the tensile spring generated a non-linear force 
extension curve with an initial high stiffness displacement followed by a linear, low-
stiffness displacement. This behaviour is due to the manufacture of the springs that sets 
the shape with the wire turns in contact and with a residual compressive stress. The 
placement of the experimental spring force-displacement curve was shifted to the right 
along the x-axis to intersect the muscle loading curve at a higher initial pre-load. 
Representative force-extension curves of the muscle and the spring suggest that the force 
produced when starting from different pre-stretched points should be similar to the 
vertical distances of unloading to unloading curve at unpressurised and pressurised 
conditions, respectively. As found from the experimental results, the force generation for 
pre-stretching of 8 N, 9 N, and 10 N under a constant pressure of 120 kPa was found to 
be 1.17 N, 1.13 N, and 1.01 N, respectively. In contrast, the predicted force generation 
of the muscle determined by the difference in the intersection points of the spring force-
extension curve with the muscle loading/unloading curves in the two pressure conditions 
were considerably smaller at 1.12 N, 1.03 N, and 0.98 N.  
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Figure 3.22 Force-extension curves of the McKibben muscle in unpressurised and 
pressurised condition (force-stroke curves). (a) Different pre-stretch conditions of 8, 9, 
and 10 N were used while water was pumped at constant 120 kPa pressure. (b) At 
different water pressure of 130 kPa (left plot) and 140 kPa (right plot), at 8 N pre-stretch 
condition. Relevant experimental force-extension curves of a tensile spring are 
represented by the arrowed lines matched to the line types of model force-extension 
curves. 
 
The influence of input pressure, at room temperature, on McKibben hydraulic muscle 
actuation against a spring in series has also been analysed (Figure 3.22b). For this 
purpose, a fixed muscle pre-stretch of 8N was utilised with input pressures of 130 kPa 
and 140 kPa. At these different pressures the predicted force generation of the muscle 
against the return spring was 1.25N and 1.40N. As found from the experimental results, 
the force generation for the relevent conditions was higher at 1.29N, and 1.52N, 
respectively. Significant hysteresis was found by the force-extension curves in both 
conditions, possibly due to the stress relaxation effect as friction effects are time-
dependent. 
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3.3.4.4 Synopsis 
The investigation of the importance of pressure and pre-stretch condition on the 
McKibben hydraulic muscle actuation against a spring has been conducted based on 
utilising different water pressures and pre-stretch on the muscle. The results have 
indicated that force generation increases with escalating pressure; in contrast, force 
generation decreased by increasing the pre-stretch before pressurizing the muscle. Figure 
3.23 shows the comparative results of the hydraulic muscles pre-set and stimulated by 
different mechanical conditions.  
 
Figure 3.23 Force and strain of McKibben Hydraulic muscle at different pre-load 
condition. 
 
Figure 3.23a shows the force generation from McKibben hydraulic muscle as a function 
of different preload conditions of 0N, 8N, 9N, and 10N. It was found that force 
generation by the hydraulic muscle decreased with increasing pre-stretch condition. The 
results also show that increasing the pressure (120, 130 and 140 kPa) generates higher 
force from the muscle. Figure 3.23b shows the actuation strain of McKibben muscle as a 
function of different pre-stretch and pressure conditions. It has been found that the 
actuation strain of the hydraulic muscle increases at increased pressure. As with the 
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force generation trend, the actuation strain also decreases with higher initial pre-stretch 
conditions.   
3.3.5 Isobaric Actuation of McKibben Hydraulic Muscle 
The above attempts to predict hydraulic McKibben muscle actuation stroke by using the 
measured force displacement curves in the unpressurised and pressurised conditions 
were unsuccessful. In every case, however, it was noted that the pressure was not 
changing when the length of the muscle changed and it is suspected that the force-
displacement curves obtained may be affected. The significant hysteresis in the force-
displacement curves resulted in quite different isometric blocked forces for the same 
change in pressure and pre-load but this depended on the loading history of the muscle. 
The stiffness of the McKibben hydraulic muscle decreased on pressurisation, hence the 
force generated for a given pressure change decreased with increasing pre-load. 
Therefore, a series of isobaric tests (0, 30, 90 and 110 kPa) were performed where 
loading and unloading curves were generated by stretching and relaxing a 72 mm long 
McKibben hydraulic muscle. After each small elongation, the internal pressure was reset 
to the target value. Through a series of discrete loading and unloading steps, the isobaric 
loading and unloading curves were obtained. These results are illustrated in Figure 
3.24a. There was very little load-unload hysteresis observed at each isobaric pressure, 
possibly because the slow process of readjusting the internal pressure also allowed for 
viscoelastic processes to equilibrate. Also included in the figure is the experimentally 
evaluated loading curve for the non-isobaric case where the sample was first pressurised 
to 30 kPa and then stretched. The final pressure (at 10 N) was 50 kPa and this curve has 
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a steeper slope than the isobaric case. The increase in pressure during stretching causes a 
contraction and contributes to the apparent increase in stiffness. 
 
Figure 3.24 (a) Isobaric load/unload data for 0, 30, 90 and 110 kPa with the loading data 
as solid circles and the unload as unfilled circles together with the measured loading 
curve for non-isobaric case where the starting pressure was 30 kPa. (b) Isobaric force-
displacement data together with measured isotonic displacements. (c) Isobaric force-
displacement data together with the spring – extension curve and the measured actuation 
against spring results. 
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Theoretically, the amount of isotonic displacement produced by the muscle at a certain 
pressure difference should be equal to the horizontal distance between the force-
displacement curves produced at the initial and final pressure conditions. To test this 
theoretical prediction using the isobaric force-extension curves, a set of muscle pre-
stretch conditions (2, 4, 6, and 8 N) were selected and additional isotonic tests were 
performed under two pressure differences (0 to 90 kPa, and 30 to 110 kPa). The isotonic 
displacements are over-laid on the isobaric force-displacement curves in Figure 3.24b. 
Good validation of the theoretically predicted results was obtained for each 
experimentally obtained isotonic result. Again, the muscle was subjected to an isometric 
test where force was generated when the pressure was increased from 0 kPa to 90 kPa. 
Theoretically, this result should be equal to the vertical distance of the unloading curve 
generated by the muscle at 90 kPa isobaric condition. The experimentally obtained result 
was found to be in good agreement with the theoretical prediction when co-plotted on 
same scale, Figure 3.24b.  
Figure 3.24c shows the isobaric test results (0, 30, 90, and 110 kPa) to make a prediction 
of muscle stroke and force generation when operated against a return spring. Here, the 
force-extension curve of a certain tensile spring was measured and plotted together with 
the isobaric McKibben muscle results. The force-extension curve of the spring 
intersected all the isobaric force-extension curves, providing a means to predict the 
actuation results. The horizontal and vertical distances of the intersecting points at two 
pressure conditions describe the expected muscle displacement and force generation, 
respectively, against that particular return spring. To verify the theoretically predicted 
results, an experiment was conducted with a 72-mm long muscle connected with the 
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mentioned return spring. Experimental results for the displacement and force generation 
were found from the force-extension curve as 5.04 mm and 10.85 N, respectively. The 
theoretically predicted values of muscle displacement (4.85 mm) and combined force 
generation (10.14 N) were found to have good correlation with those measured.  
3.4 Summary 
This chapter mainly focused on understanding the basic mechanics of actuation when 
the actuator operates against an external load. A conventional McKibben hydraulic 
muscle was used to demonstrate the relations between muscle performance and basic 
material properties. The basic static performance for all actuator materials and systems, 
is defined by the force and stroke generated upon stimulation. It is shown theoretically 
and experimentally that these muscle yields are influenced by the external loading 
conditions. To characterise the simple linear elastic systems, the actuation performance 
is evaluated, in terms of the material stiffness (in the initial and final states) and the free 
stroke generated by the input stimulus, using force-extension curves of the linear 
mechanical actuator. Three extreme cases, isotonic, isometric and actuator against a 
spring in series have been considered to determine the effect of material stiffness on the 
force generation and displacement of the actuation system. In addition, the importance 
of pre-load on the actuator has been investigated. All of these cases can be theoretically 
modelled using a graphical approach where the force-extension curves of the actuator in 
the initial and final states are plotted on the same axes. The external loading conditions 
are then over-laid on the same chart.  
An isometric test is shown as a vertical line connecting the initial and final force-
extension curves and starting at the initial pre-load. The vertical distance between the 
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initial and final force-extension curves is an estimate of the blocked force generated at 
the particular pre-load. For the hydraulic McKibben muscles, the measured isometric 
blocked forces were accurately predicted by the ‘vertical line’ graphical method. 
However, the significant hysteresis in the force-extension curves of these materials 
meant that quite different isometric blocked forces were obtained for the same change in 
pressure and pre-load but this depended on the loading history of the sample. Finally, it 
was observed that the stiffness of the hydraulic McKibben muscle decreased on 
pressurization so that the force generated for a given pressure change decreased with 
increasing pre-load. 
The actuation tests that involved contraction of the muscle (isotonic and against spring) 
generated experimental results that initially did not match the behaviour expected by 
comparing the force-extension curves. This discrepancy led to further investigation and 
the realisation that the pressure changes significantly during the loading and unloading 
of the McKibben muscles. Tests conducted by adjusting the pressure during loading and 
unloading produced isobaric force-extension curves at different pressures. Using these 
isobaric curves, the isotonic and spring test results were accurately predicted by 
comparing the force-extension curves. The isotonic results were represented by a 
horizontal line joining the initial and final force extension curves, starting at the initial 
pre-load. The isotonic stroke decreased with increasing pre-load, due to the decreasing 
stiffness of the McKibben muscles in the pressurised state. The spring test results were 
accurately predicted by overlaying the spring force-extension curves on the same chart 
as the curves for the muscle. The intersection of the spring curve with the force-
extension curves for the McKibben muscle defines the starting pre-load point and the 
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final force and extension. The differences in force and extension at these two 
intersections define the generated stroke and force of the muscle when operating against 
that spring. 
In conclusion, the results of this chapter have established a general test method for 
determining all of the main actuation parameters for McKibben hydraulic artificial 
muscles. This test will be used throughout the remainder of this thesis. 
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CHAPTER 4 Hydrogel Based Novel Braided Linear Actuators  
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4.1 Introduction 
Despite the significant interest in using hydrogels as artificial muscles, the formulation 
of hydrogels that are both mechanically robust and chemically stable is still a challenge. 
Because many hydrogels are brittle, the evaluation of the specific characteristics of 
hydrogel actuators by utilising conventional test methods (such as isometric, isotonic 
and spring assisted technique) is sometimes not feasible. Therefore, it is crucial to 
develop a mechanically robust hydrogel actuation system along with a suitable 
characterisation procedure for the actuators. This thesis chapter focuses on formulating 
hydrogels with different compositions and utilising them to fabricate braided artificial 
muscles. The braid provides mechanical constraint and converts gel swelling into a 
useful tensile contraction. The integrated characterisation methods described in the 
previous chapter are also used to determine the fundamental, mechanical and actuation 
properties of the muscles.  The initial work focussed on gel-bead filled braided muscle 
(GFM) that was inspired by previous work summarized in Chapter 1. This initial work 
highlighted the limitations of the commercially available braids. Further research 
involved the development of braids to make braided hydrogel muscle (BHM) formed 
into solid hydrogel filled BHM, shell-gel BHM, and porous BHM. Both open and closed 
gel-braid muscles were evaluated. The open system used immersion in a water bath to 
stimulate actuation; the closed system used an encapsulated shell-gel BHM that could be 
operated in air. 
4.2 Effect of Gel Composition on the Actuation Properties of Hydrogels  
The main aim of this study was to evaluate the ability of various hydrogels to generate a 
swelling pressure that can produce actuation in braided muscles. Three different 
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hydrogels were used in this thesis: Alginate/PNIPAAm ICE hydrogel, PNIPAAm 
hydrogel, and a commercially available hydrophilic polyurethane (HydroMed D4 
hydrogel). Alginate/PNIPAAm ICE hydrogel and PNIPAAm hydrogel are well-
recognised for their themoresponsive actuation ability 63,67. The hydrogels were 
characterised to examine the actuation properties when stimulated by changes in 
temperature and these results are described below. Braided muscles structures were 
impregnated with different gel structures and the relevant actuation properties are 
explained in this section. HydroMed D4 is not thermally responsive and was used 
externally in construction of the braided samples. The reason for using HydroMed D4 
gel for constructing the braid was to obtain the overall actuation triggered by the 
impregnated themoresponsive gel uninfluenced by external building blocks.  
4.2.1 Alginate/PNIPAAm ICE Hydrogel 
Alginic acid sodium salt (1.9-2.0 w/v %), NIPAAm monomer (1.5–2.5 w/v%), MBAA 
(crosslinker, 0.2–0.6 wt%), APS (initiator, 0.1-0.2 wt%) and CaCl2 (1.1-1.5 wt %) were 
used to prepare ICE hydrogel beads, and thin and thick hydrogel rods. A dripping 
method was utilised to prepare the calcium alginate beads followed by polymerisation in 
NIPAAm solution using TEMED initiator. To prepare ICE hydrogel rods, two different 
diameter cylindrical tubes were used as moulds to obtain the hydrogel rod shape. The 
preparation methods of ICE hydrogel beads and hydrogel rods are comprehensively 
described in the experimental section 2.2.4. 
4.2.1.1 Morphology  
Figure 4.1 shows microscopic images of a typical ICE hydrogel bead at 5°C, 22°C and 
60°C. Comparison of the hydrogel beads from dry to the swollen state in water at 22°C 
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shows that the gel volume is expanded by swelling with water at this temperature, which 
is well below the PNIPAAm phase transition temperature. Heating in a 60oC water bath 
causes the gel to de-swell significantly, although the volume is still much larger than in 
the dry state. The optical view of the hydrogel in the swollen state is transparent below 
the transition temperature (22oC and 5oC) and opaque when de-swollen at 60oC.  
 
Figure 4.1 Microscopic images of a typical ICE hydrogel bead in the dry state and when 
swollen in water at 5°C, 22°C and 60°C. 
 
Figure 4.2 shows the microscopic images of the ICE hydrogel rod when dry and after 
immersion in water at 5°C, 22°C and 60°C. The general swelling behaviour and visual 
appearances are the same as for the hydrogel beads. The hydrogel rods showed a volume 
increase due to swelling with water at room temperature 22°C, compared to the dry state 
and a de-swelling when heated to 60oC.  The colour changes of the hydrogel rod from 
opaque to transparent occurred at the temperature change from 60°C to 5°C. 
 
Figure 4.2 Microscopic images of ICE hydrogel rod in the dry state and when swollen 
in water at 5°C, 22°C and 60°C. 
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4.2.1.2 Characteristic Properties of ICE Hydrogel  
The swelling ratio of ICE hydrogels was determined based on their weight change based 
on the dry state weight as described in experimental section 2.3.1.1. Figure 4.3a shows 
the swelled water content of ICE hydrogel when equilibrated in room temperature water 
and when prepared at different PNIPAAm concentrations of 1.5 w/v%, 1.7 w/v%, 2.1 
w/v% and 2.5 w/v%. The gel swelling ratio increased with the increase of NIPAAm 
concentration used to prepare the ICE hydrogels.  
The goal of this work is to investigate the themoresponsive actuation of the swelled 
muscles held in an aqueous media when a hot/cool environment is introduced. To 
determine the suitability of ICE hydrogel with various NIPAAm concentrations for 
thermally induced actuation, swelling ratios were also determined at temperatures well 
above (60°C) and well below (5°C), the swelling transition temperature. Swelling was 
obtained for each of the ICE hydrogels, as shown in Figure 4.3b. For this purpose, the 
swelling ratio was determined by comparing the volume change of the hydrogel at 60°C 
and 5°C with the fully swelled volume (100% swelling ratio of gel at 22°C), Figure 
4.3(b). The process is comprehensively described in the experimental section 2.3.1.2. An 
opposite trend of the swelling ratio with NIPAAm concentration was found for these 
hydrogels at the two temperatures. At 60°C, the volumetric swelling ratio decreased with 
increasing NIPAAm concentration while the swelling ratio increased with increasing 
NIPAAm concentration when the swelling ratios were measured at 5°C. Since the 
hydrogel filled braided muscles were stimulated by changing the temperature through 
the transition region, the hydrogels prepared with different PNIPAAm concentrations 
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were expected to show different actuation behaviour as a result of the significant 
changes in swelling, as shown in Figure 4.3b. 
 
Figure 4.3 (a) The weight-based swelled water content of ICE hydrogel beads at varying 
PNIPAAm concentrations and after equilibrating in water at 22˚C. (b) The volumetric 
swelling ratios of thermally induced ICE hydrogel beads with different NIPAAm 
concentration and at the indicated water bath temperatures.  
 
The Young’s modulus of the ICE hydrogel and PNIPAAm hydrogels were obtained at 
different NIPAAm concentrations, and were determined by the slope of the stress-strain 
curve which is described in the experimental section 2.3.1.4. Figure 4.4 shows a typical 
stress-strain curve of the ICE hydrogel prepared with 2.5 w/v% NIPAAm concentration. 
Similarly, stress-strain curves were used to evaluate the Young’s modulus of the ICE 
hydrogels and PNIPAAm hydrogels of different concentrations. 
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Figure 4.4 Stress-strain curve of ICE hydrogel using 2.5 w/v% NIPAAm concentration 
after equilibrating in water at (a) 60°C, (b) 5°C and (c) 22°C. Black lines are linear fits 
used to determine the Young’s modulus. 
 
Figure 4.5 illustrates the Young’s modulus of the ICE hydrogels prepared with different 
NIPAAm concentrations and tested after equilibrating in water at 5°C, 22°C and 60°C. 
As shown in the figure, the increasing NIPAAm concentration caused an increase in the 
Young’s modulus of the hydrogel when equilibrated and tested at 60°C. In contrast, 
there was a decreasing trend in Young’s modulus with increasing PNIPAAm 
concentration when the hydrogels were equilibrated and tested at 5°C and 22°C. The 
modulus results approximately followed the swelling behaviour, with the modulus 
decreasing as swelling increased. 
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Figure 4.5 Average Young modulus of ICE hydrogel obtained at 5°C, 22°C and 60°C 
having NIPAAm concentration of 1.5 w/v %, 1.7 w/v%, 2.1 w/v% and 2.5 w/v %. 
 
4.2.2 PNIPAAm Hydrogel 
NIPAAm monomer (1.5–2.5 wt%), MBAA (crosslinker, 0.2–0.6 wt%) and APS 
(initiator, 0.1-0.2 wt%) were used to prepare PNIPAAm hydrogel. TEMED was applied 
to accelerate the polymerization process of NIPAAm solution. The comprehensive 
method of preparing PNIPAAm hydrogel in order to fabricate Braided Hydrogel Muscle 
(BHM) is described in the experimental section 2.2.2.2. 
4.2.2.1 Morphology  
The change in diameter of the hydrogels, when equilibrated in water at 22°C, 60°C and 
8°C, were observed using microscopic images taken with an optical microscope. Figure 
4.6 shows the microscopic images, illustrating the swelling behaviour of the PNIPAAm 
hydrogel from dry to wet at 22°C. It was also noted that the diameter of the hydrogel 
equilibrated in water at 8°C was larger than that of the diameter at 60°C and the optical 
colour of the hydrogel was changed from opaque at 60°C to transparent at 8°C and 
22°C. 
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Figure 4.6 The microscopic images of hydrogel utilised in the braided hydrogel muscle 
from dry to wet at 22°C and at different temperatures of 60°C and 8°C. 
 
4.2.2.2 Characteristic Properties of PNIPAAm Hydrogel 
The swelling ratios of the PNIPAAm hydrogel were determined based on weight as 
described in the experimental section 2.3.1.1. Figure 4.7a shows that the weight-based 
swelled water content of the hydrogel increased with the increase in PNIPAAm 
concentration. The swelling ratios of the PNIPAAm hydrogel at 60°C and 8°C were 
obtained based on volume change as mentioned in the experimental section 2.3.1.2. The 
two limiting temperatures chosen in this context illustrate the ability of themoresponsive 
actuation in hydrogel based artificial muscles.  Figure 4.7b shows the swelling ratio of 
hydrogel at 60°C and 8°C, there is a slight increase in swelling ratio at 8°C with 
increasing NIPAAm concentration. In contrast, the swelling ratio at 60°C decreases with 
increasing NIPAAm concentration. These trends are the same as observed for the 
alginate/PNIPAAm hydrogels described in section 4.2.1.2. 
105 
 
 
Figure 4.7 The swelled water content of hydrogel at different PNIPAAm 
concentrations: (a) weight change from dry to wet at 22°C and (b) the volumetric change 
of hydrogel equilibrated in water at 60°C and 8°C. 
 
Figure 4.8 shows the Young’s modulus of the hydrogel at different PNIPAAm 
concentrations at 8°C, 22°C and 60°C. The increasing PNIPAAm concentration caused a 
decrease in Young’s modulus of the hydrogel when these samples had been equilibrated 
in water at 8°C and 22°C. However, the Young’s modulus of the samples equilibrated at 
60°C increased with increasing PNIPAAm concentration. Again, the trends are the same 
as observed for the alginate/PNIPAAm gels.  
 
Figure 4.8 The Young’s modulus of hydrogel with varied PNIPAAm concentrations and 
equilibrated in water at 8°C, 22°C and 60°C. 
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4.2.3 Discussion 
The increase in diameter of the ICE hydrogels and the PNIPAAm hydrogels when 
swelling from dry to wet at 22°C shows the swelling ability of the dry hydrogel, as 
demonstrated in Figure 4.1, 4.2 and 4.6. Hydrogel swelling by absorption of water is 
determined by a balance of the osmotic forces that extend the polymer network and the 
elastic forces obtained from the stretched polymer segments. To observe the potential for 
thermally driven actuation, the hydrogels were equilibrated at different temperatures, 
60°C and 5°C, which were well above and well below the transition region. Generally, 
PNIPAAm hydrogels are in the fully swollen state at temperatures lower than their lower 
critical solution temperature (LCST) and in a contracted swollen state at temperatures 
above LCST.  The LCST of PNIPAAm is at 32-34°C. Around 32-34°C, it shows 
thermally reversible conformational change due to its temperature responsive behaviour. 
This behaviour was confirmed in the ICE and PNIPAAm hydrogels prepared in this 
study. In all cases, the diameter of the hydrogels when equilibrated at temperatures 
below the LCST of PNIPAAm, (22oC, 8°C or 5oC) was larger than that of the diameter 
of the same gels when equilibrated at 60°C, as depicted in Figures 4.1, 4.2 and 4.6. The 
optical colour of the hydrogel was also changed from opaque to transparent as the 
temperature changed from above to below the LCST. At the temperatures above the 
LCST, the beads become opaque because the squeezing out of water molecules from the 
hydrogel causes an internal density inhomogeneity that scatters visible light 125. 
Figure 4.3 illustrates that increasing NIPAAm concentration leads to increased swelling 
ratio of the ICE and PNIPAAm hydrogels, as seen in Figure 4.7, when these gels were 
equilibrated in water below the LCST.  Typically, the equilibrium swelling ratio of 
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hydrogel is controlled by the crosslink density and the crosslink density of hydrogel is 
determined by the molar ratio of PNIPAAm monomer to MBAA crosslinker 126. The 
MBAA crosslinker concentration was kept constant in the monomer solution so that the 
ratio of NIPAAm monomer to MBAA crosslinker increased as the concentration of 
NIPAAm increased. A lower crosslink density is expected as the monomer to crosslinker 
ratio increased. 
The swelling ratio of the hydrogels was decreased significantly in water at 60°C 
compared with the swelling below LCST and the degree of swelling above LCST 
decreased at increasing NIPAAm concentration. Above the LCST hydrophobic 
interactions dominate and disrupt hydrogen bonds between the monomer side groups 
and water molecules 127, and result in a reduced swelling. Consequently, the hydrogels 
with a higher content of PNIPAAm show a stronger shrinkage when heated above the 
LCST. The decrease in Young’s modulus of the ICE hydrogel and PNIPAAm hydrogel 
was found for increasing PNIPAAm concentrations at 5°C and at 8°C, as shown in 
Figure 4.5 and Figure 4.8. On the other hand, the Young’s modulus of the hydrogels at 
60°C was greater with higher concentrations of NIPAAm. The modulus of hydrogels is 
also determined by the crosslink density and degree of swelling since the modulus is 
determined by the concentration of network chains128. With increasing NIPAAm 
monomer, the crosslink density of the hydrogels decreased, this corresponds to a 
decreasing Young’s modulus for hydrogels below the LCST. For the hydrogels above 
the LCST, the modulus was strongly affected by the degree of swelling with samples of 
a higher NIPAAm concentration having a higher modulus due to their reduced swelling. 
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4.3 Preliminary Evaluation of the Hydrogel based Braided Muscle   
The motivation for this early work is to investigate the feasibility of driving braided 
muscles using the PNIPAAm swelling transition when heated or cooled through the 
LCST. The preliminary tests used a simple spring based method to evaluate whether the 
actuation response was sensitive to the concentration of PNIPAAm included in the gel. 
McKibben muscle impreganted with pH sensitive hydrogel beads and temperature 
sensitive hydrogel solid rods have been used in previous work 72,119. No one has used 
thermally sensitive gels beads in the braided muscle. In this work, for the first time, the 
thermally actuated hydrogel bead based braided muscles were prepared and tested by 
heating and cooling through the LCST with the muscle loaded with a range of springs in 
series.  
In this case, alginate/PNIPAAm ICE hydrogel beads were synthesised to use in a 
braided actuator as these materials show both high toughness and a high degree of 
swelling. ICE hydrogel beads were prepared by varying the NIPAAm concentration: 1.5 
w/v%, 1.7 w/v%, 2.1 w/v%, and 2.5 w/v%. The gel-beads (approximately 1mm in the 
dry form) were packed into the PPS braided sleeve without using any bladder to ensure 
direct water transport between the beads and an external water bath. The ends of the 
braid were blocked to prevent the escape of the beads. For simplicity, these gel-filled 
muscles (GFMs) were characterised using a spring-based test method as recommended 
from the previous chapter, rather than obtaining the full stroke-extension curves. As 
fluid transfer occurred easily through the braid wall, the tests were conducted by 
immersing the samples in water baths at different temperatures to stimulate the gel 
volume transition.  
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4.3.1 Actuation Results of GFM 
The time based actuation response of artificial muscles is important to evaluate the 
dynamic output that a muscle can produce. Figure 4.9 illustrates the actuation test results 
of four different GFMs prepared using ICE gel beads with varying NIPAAm monomer 
concentrations and with the test conducted by using 6 springs with different spring 
constants (the stiffness of the springs decreased in numerical order with Spring 6 the 
stiffest and Spring 1 the least stiff). Table 4.1 shows the length of the springs used 
together with relevant spring constants.  
Table 4.1 Dimension and the stiffnesses of the springs.  
Spring identification Spring length (mm) Spring constant (N/m) 
1 11 102 
2 16 220 
3 23 375 
4 29 565 
5 34 712 
6 55 1020 
 
In all cases, it was observed that the higher the spring constant, the lower was the 
displacement of the muscle when the gel volume transition was stimulated by decreasing 
the water bath temperature from above to below the LCST. Moreover, it was also 
observed that GFMs prepared with higher NIPAAm concentrations exhibited a greater 
displacement when operated against a given spring., A slow response time was apparent 
in each case for the GFM, demonstrating the muscle's limitedfeasibility for practical 
application.  
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Figure 4.9 Contractile length displacement as a function of time for GFMs having 
unloaded length of 47mm each tested against 6 different springs with different NIPAAm 
compositions of (a) 1.5 w/v%, (b) 1.7 w/v%, (c) 2.1 w/v%, and (d) 2.5 w/v%. The 
samples were first equilibrated in a water bath at 60oC and then immersed in a water 
bath at 8°C, at time = 0 seconds. 
 
4.3.2 Discussion 
Figure 4.10a illustrates the force (calculated from equation 2.3) as a function of stroke 
for gel-bead filled GFM, at different NIPAAm concentrations, tested with 6 different 
springs. Results were extrapolated on both force and displacement axes to predict the 
amount of blocked force and free stroke that could be generated by each muscle. Again, 
it was confirmed that increasing the amount of NIPAAm in the gel beads generated 
more force and more displacement. At the maximum NIPAAm concentration the GFM 
generated an estimated blocked force of 5.14 N, which corresponded to a blocked stress 
of 0.04 MPa when normalised to the unloaded cross-sectional area of the muscle. An 
111 
 
experimental observation was made using a mechanical tester to verify the blocked force 
that was theoretically calculated from the data in Figure 4.10a.  
 
Figure 4.10 (a) Force-displacement curves for GFM with different NIPAAm 
compositions each tested with 6 different springs (each datapoint represents a particular 
spring). The slope of the dotted line represents the stiffness of the GFM at 8°C 
temperature range. (b) Force generation/release of hydrogel (2.5 w/v% NIPAAm 
concentration) beads filled muscles as a function of time and when immersed in cold, 
hot, or normal water baths at the times indicated. 
 
Figure 4.10b shows 2 cool/heat cycles of isometric force generation (muscle blocked at 
both ends) as a function of time from gel-bead filled GFM containing 2.5 w/v% 
NIPAAm concentration. As shown in the first cycle, fully reversible force generation 
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with ~5.1 N blocked force was obtained, which shows very good agreement with the 
calculated value of ~5.1 N obtained by extrapolation of the spring data. The second 
cycle was conducted in a 3-step process where cold water was introduced in the first 
step, then replaced by room temperature water, and finally changed to hot water. This 
process also showed very similar force generation in the cold condition but 
demonstrated significant stress relaxation at room temperature. Introducing hot water 
assisted the muscle to release all the generated force and concluded a fully reversible 
actuation cycle.   
The maximum free strain obtained from the GFMs was 7.66 % based on the unloaded 
length. The free strain increased with increasing the NIPAAm concentration used to 
prepare the ICE gel beads. This preliminary study has demonstrated that GFMs exhibit 
significant force generation capability and significant contractile actuation when cooled 
from above LCST to below LCST. The actuation was reversible through multiple 
cool/heat cycles. In the next sections, this thesis will examine compositional and 
structural modification of the impregnated hydrogels in different braided sleeves. The 
focus will also be on the geometry of braided sleeves since this has a remarkable effect 
on the mechanical properties of braided muscles and hence affects the actuation 
properties. As the integrated isometric test method provided a complete insight into the 
actuation properties, this characterisation technique will be utilised for further 
experiments of gel-based muscles.  
4.4 Effect of Gel Composition and Braid Geometry in BHM Actuation  
The focus of this study is to explore the performance of solid hydrogel packed braided 
actuators with the help of the integrated characterisation method. As described in 
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Chapter 3, the integrated characterisation method can be used to evaluate the required 
mechanical properties, such as, force generation, free stroke, displacement, blocked 
force, stiffness, hysteresis, response time and reversibility of the actuator by employing 
loading and unloading testing in the unactivated and activated states. An attempt has 
been made to explore the use of this characterisation method to characterise the 
actuation properties of PNIPAAm hydrogel-based actuator. In the case of GFM, 
commercially available PPS braid was used to test actuation of the GFM, but it was 
observed that some gel could escape from the braid during gel swelling. The PPS braids 
have a low cover factor and some of the gel escaped through the holes in the PPS braid. 
For this reason, cotton based braided hydrogel muscle (BHM) was fabricated to increase 
the cover factor and prevent gel escape during volumetric expansion. By making cotton 
braids, it was possible to increase the cover factor and decrease the amount of porosity 
in the braid. NIPAAm compositions of 1.5, 1.7, 2.1 and 2.5 w/v% were used to prepare 
the solid hydrogel rod filled BHM and examine the influence of gel composition on the 
actuation properties.  The impact of braid angle on the performance of the BHM was 
also investigated by changing the average wind angle to 18°, 32°, 45°, and 48°. For this 
purpose, threads of the BHM are interlocked with each other in a criss-cross pattern to 
confirm proper locking of the threads, avoid any unusual thread shifting, and therefore 
achieve an appropriate braid angle analysis of the BHM. 
PNIPAAm hydrogel filled BHM (Figure 4.11a) was prepared by the following 
fabrication steps. Initially, criss-cross patterned cotton braids were made by 
impregnating cotton thread with HydroMed D4 hydrogel and wrapping them around a 
glass rod in two directions to prepare a braided cylinder. The braid wind angle was 50 
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degrees (Figure 4.11b). After drying, the braid was removed from the glass rod and a 
PNIPAAm gel-rod was placed inside this cylindrical hollow braid (Figure 4.11c). Both 
ends of the braided structure were then blocked with plugs that also served as 
mechanical anchoring for the actuation tests. The fabrication of PNIPAAm gel-rod 
BHMs is comprehensively described in the experimental Chapter 2. 
 
Figure 4.11 PNIPAAm gel-rod filled BHM. (a) A piece of as-fabricated muscle, (b) 
surface of the braided structure and (c) cross-sectional view of a gel-rod filled braid. 
  
4.4.1 Effect of NIPAAm concentration on the isometric actuation of BHM 
An evaluation of the time-dependent behaviour of the gel-rod filled BHM has been 
performed based on gel rods prepared with NIPAAm concentrations of 2.5 w/v%, 2.1 
w/v%, 1.7 w/v%, and 1.5 w/v%. In these tests, the samples were first equilibrated by 
applying hot water at 60°C, which is denoted as the unactivated state. In this state, 
loading and unloading of the actuator was performed to produce the force-extension 
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curve for this condition. Since the expansion of the hydrogel occurs by cooling the 
actuator to a temperature below LCST, cold water of 8°C was used to replace the hot 
water of 60°C. Accordingly, force generation and displacement were obtained due to the 
temperature change; the test was completed by performing a load/unload test at 8oC.  
Figure 4.12 illustrates the time curve of solid hydrogel filled BHM having different 
NIPAAm concentrations, using temperatures of 60°C and 8°C for the unactivated and 
activated conditions, respectively. Figures 4.12a-4.12d shows similar actuation data for 
the BHM made with solid hydrogel of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 w/v% 
NIPAAm concentrations. As shown in the Figure 4.12a, a sharp increase in the force 
generation was found by immersing the sample in the cold water at 8°C and eventually, 
the blocked force of ~5.62 N was achieved in around half an hour. In all cases, there was 
a steep increase in the force generation on first immersion of the sample in water of 8°C. 
The final equilibrium blocked force was evident after approximately 30 minutes to one 
hour of immersion in the cold water. Afterward, stretch-relax in this activated state was 
performed to obtain the force-extension curve in the activated state followed by a stress 
relaxation, and lastly, a complete reversal of the force generated was observed upon re-
applying hot water of 60°C. The blocked forces of the samples decreased as the 
NIPAAm concentration used to prepare the solid hydrogels decreased. The blocked 
forces were 5.6 N, 5.5 N, 4.3 N, and 2.9 N for NIPAAm concentrations of 2.5 w/v%, 2.1 
w/v%, 1.7 w/v%, and 1.5 w/v%, respectively. 
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Figure 4.12 Time-dependent actuation curve of solid hydrogel filled BHM containing; 
(a) 2.5 w/v% NIPAAm, (b) 2.1 w/v% NIPAAm, (c) 1.7 w/v% NIPAAm and (d) 1.5 
w/v% NIPAAm. The first stretch-relax segment was conducted at 60°C (marked yellow-
denoted as unactivated state), isometric blocked force was produced at 8°C (marked 
blue- denoted as activated state) and force-stroke curve was generated at the activated 
state. Finally, the sample was reheated at 60°C (marked yellow) by using hot water, 
when the force was completely released to 0 N. 
 
Figure 4.13 shows the force displacement curves (stretch-relax) of solid hydrogel filled 
BHM that were obtained at 60°C and 8°C representing the unactivated and activated 
conditions, respectively. These data were obtained for samples prepared with different 
NIPAAm concentrations: (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v%, and 1.5 w/v%. As 
shown in Figure 4.16, the loading and unloading curves of the solid hydrogel filled 
BHM having different NIPAAm concentrations are non-linear in both the unactivated 
and activated conditions. Particularly noticeable is the large non-recoverable 
deformation shown by all samples when initially stretched and relaxed at 60oC. This 
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plastic deformation likely results from rearrangement of the cotton/HydroMed braid to 
fully tension all fibres. As mentioned above, the blocked force of the actuator was found 
to be strongly dependent on the concentration of NIPAAm used to prepare the hydrogel, 
with blocked forces decreasing steadily from 5.62 N to 2.90 N as the NIPAAm 
concentration decreased from 2.5 w/v% to 1.5 w/v%.  
 
Figure 4.13 Force-displacement curves of solid hydrogel filled BHM obtained at 60°C 
(dashed red line) and 8°C (solid blue line) temperature (stretch-relax) in unactivated and 
activated condition (force/stroke curve). Hydrogel filled BHM are used at different 
NIPAAm concentration: (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v% and 1.5 w/v%. 
 
These blocked forces were measured with a near zero pre-load. The integrated 
characterisation method was used to determine the blocked force as a function of pre-
load force applied and these results are shown in Figure 4.14a. This analysis extrapolates 
the measured unloading curve at 8oC to larger blocked force, since the measured loading 
and re-loading curves were measured over a limited range. This analysis suggests that 
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the isometrically generated force should increase as the pre-load applied to the BHM in 
the initial state increased. 
The actuation strokes generated by cooling the BHMs were also evaluated.  The 
measured free strokes of 1.15 mm, 1.10 mm, 1.13 mm, and 1.28 mm were similar for all 
BHMs prepared at NIPAAm concentration of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 
w/v%, respectively. Since all samples were prepared to the same starting length, these 
results show that the free strain generated by the BHM is not strongly influenced by the 
composition of the hydrogel. The isotonic strokes were also estimated using the 
integrated characterisation method by graphically measuring the distance between the 
unloading curve at 60oC and the unloading curve at 8oC. As shown in Figure 4.14b, the 
isotonic stroke as a function of pre-load force applied can be evaluated by using the 
integrated characterisation method. The analysis suggests an increase in the isotonic 
stroke with increasing pre-load. 
 
Figure 4.14 Estimated effect of pre-loading on (a) blocked force, (b) isotonic stroke. 
Data extracted from the unloading curves of a solid hydrogel (2.5 w/v% concentration) 
filled BHM obtained at 60°C (red marker) and 8°C (blue marker) temperature. Dotted 
black lines represent the extrapolation of unloading curves at 8°C. Vertical black arrows 
estimate the blocked force and horizontal black arrows estimate the isotonic stroke. 
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As demonstrated in section 3.2.1, the higher the pre-load force, the higher the isotonic 
actuation displacement when an actuator possesses higher stiffness. The stiffness of the 
BHMs (as calculated from the unloading curves in Figure 4.13) increased with a 
temperature change from 60°C to 8°C due to the amount of swelling at 8°C. The 
stiffness increases were: from 2.67 N/mm to 3.3 N/mm, 2.85 N/mm to 2.95N/mm, 1.80 
N/mm to 2.25N/mm, and 1.30 N/mm to 1.76 N/mm, for NIPAAm concentrations of 2.5 
w/v%, 2.1 w/v%,1.7 w/v% and 1.5 w/v%, respectively. The increase in actuator stiffness 
validates the stroke/stiffness hypothesis demonstrated in section 3.2.1. 
4.4.2 Effect of Braid Angle on the Actuation Behavior of Criss-Cross BHM  
Figure 4.15 shows the actuation behaviour of BHM prepared with braid wind angles of 
18° (Figure 4.15a), 32° (Figure 4.15b) 45° (Figure 4.15c), and 48° (Figure 4.15d). Part I 
of each figure shows the time curve of the actuation test that follows the sequence 1) 
equilibration at 60oC; 2) loading and unloading at 60oC; 3) isometric contraction by 
cooling to 8oC; 4) unloading and reloading at 8oC; and 5) isometric expansion by heating 
to 60oC.  Each figure provides photographs of the sample surface after equilibration in 
water at both 8oC (Part II) and 60oC (Part III).  
As can be seen from the microscopic images of all samples, the thread angle of the BHM 
was reduced when switching the temperature from 8°C to 60°C. The average decrease in 
angle reflects the volume and shape change in the BHM as the gel volume decreases, 
causing an increase in length and decrease in diameter. The increase in force generation 
caused by gel swelling when cooled below its LCST continued until a blocked force was 
reached when immersed in the cold-water bath. In all cases, a sharp decrease in the force 
generation occurred upon immersing the sample in hot water of 60°C.  
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Figure 4.15 Characteristic properties of solid hydrogel filled BHM made with 2.5 w/v% 
NIPAAm concentration for average wind angle of; (a) 18°, (b) 32°, (C) 45°, and (d) 48° 
in cold condition (8°C). I- Time-dependent actuation curve of solid hydrogel filled 
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BHM. The first stretch-relax segment was conducted at 60°C (marked yellow-denoted as 
unactivated state), isometric blocked force was produced at 8°C (marked blue- denoted 
as activated state) and force-stroke curve was generated at the activated state. Finally, 
the sample was reheated at 60°C by using hot water when the force was completely 
released to 0 N. II- Micrographs of BHM at 8°C. III- Micrographs of BHM at 60°C.  
 
Table 4.2 summarises the main data obtained from the test results in Figure 4.15. The 
microscopic images of the solid hydrogel filled BHM illustrated in these figures 
demonstrate that the alteration in angle from 60°C to 8°C temperature was bigger when 
the average wind angle in the cold condition was increased from 18° to 48°. The images 
also show that the number of threads per unit length was greater with the growing 
average wind angle so that the cover factor was higher in these samples. Figure 4.16 
shows the relationship between the force generated by BHMs and their winding angles 
in both cold (8°C) and hot (60°C) condition. It is quite clear that the amount of force 
generated increased with the increasing braid angle. The reduction of braid angle for all 
four samples in hot condition also followed a linear relationship which is crucial for 
fabricating BHMs with controlled performance.  
Table 4.2 Characteristic properties of solid hydrogel filled BHM made with 2.5 w/v% 
NIPAAm concentration for different wind angles in cold condition. 
Braid angle at 8oC Braid angle at 60oC Blocked force (N) Reversibility (%) 
18 16 2.34 100 
32 29 3.92 100 
45 40 4.12 100 
48 43 4.19 100 
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Figure 4.16 Trend of blocked force produced by solid hydrogel filled BHM made with 
2.5 w/v% NIPAAm concentration for different braid angles in cold (8°C) and hot (60°C) 
condition. 
 
Figure 4.17 (a-d) shows the loading and unloading curves of the solid hydrogel filled 
BHM at an NIPAAm concentration of 2.5g w/v% for the unactivated and activated 
conditions. The force displacement curve was non-linear and represents the plastic 
properties of the actuator at 60°C and 8°C temperature at braid angles of 18°, 32°, 45°, 
and 48°. Force generation of the actuator took place till the blocked force was attained. 
The blocked force was found to be 2.34 N, 3.92 N, 4.12 N and 4.19 N. Free stroke of 
1.37 mm, 1.55 mm, 1.58 mm and 1.61 mm was found for BHM wind angles of at 18°, 
32°, 45°, and 48°, respectively. Additionally, an obvious difference was obtained 
between the loading and unloading curves indicating the hysteresis of the actuator. 
However, fully reversible actuation was obtained for all the samples regardless of the 
differences in braid angle. 
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Figure 4.17 Force-displacement curves of solid hydrogel filled BHM obtained at 60°C 
(dashed red line) and 8°C (solid blue line) temperature (stretch-relax) in unactivated and 
activated condition (force/stroke curve). Hydrogel filled BHM are used at varying wind 
angle of (a) 18°, (b) 32°, (c) 45° and (d) 48°. 
 
The determination of blocked forces generated from solid hydrogel filled BHMs was 
carried out under near zero pre-load. The blocked force changes with changing applied 
pre-load force upon using the integrated characterisation method as shown in Figure 
4.18a. Solid hydrogel filled BHM with a wind angle of 32° was considered as a 
standard, in analysing the effect of pre-load conditions. In this study, since the measured 
loading (and re-loading) curve(s) were measured over a limited range, the higher 
blocked forces were extrapolated from the measured unloading curve at 8oC., As 
illustrated in Figure 4.18b, the change in the isotonic stroke with changing pre-load force 
was found from the sample with 32° wind angle by applying the integrated 
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characterisation method. From Figure 4.22, the stiffnesses of the actuator at 60°C were 
obtained as 1.21 N/mm, 1.50 N/mm, 1.70 N/mm, and 1.85 N/mm; at 8°C these increased 
to 1.24 N/mm, 2.34 N/mm, 2.58 N/mm, and 2.76 N/mm, due to the swelling of hydrogel 
below the LCST. The estimation of isotonic stroke under increased pre-load satisfies the 
hypothesis of having higher stroke with increased stiffness demonstrated in section 
3.2.1.  
 
Figure 4.18 Estimated effect of pre-loading on (a) blocked force, (b) isotonic stroke. 
Data extracted from the unloading curves of a solid hydrogel filled BHM (wind angle of 
32°) obtained at 60°C (red marker) and 8°C (blue marker) temperature. Dotted black 
lines represent the extrapolation of unloading curves at 8°C. Vertical black arrows 
estimate the blocked force and horizontal black arrows estimate the isotonic stroke.   
 
4.5 Effectiveness of Water-Immersed Actuation of Shell-Gel BHM 
In this work, the actuation properties of a novel actuator named Shell Gel BHM were 
determined (force generation, blocked force, free stroke, stiffness, response time, and 
reversibility) by using the isometric actuation of the developed integrated 
characterisation method for linear actuators. The Shell Gel BHM actuator is hollow in 
structure and suitable for liquid state actuation as it permits water diffusion through the 
braided wall. This actuator could also be useful where substrates are required to be 
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placed into a hollow actuator system. Several shell-gel braided actuators were made 
where HydroMed D4 gel together with NIIPAAm hydrogel were impregnated into the 
braided wall of the actuator. Inside the braid was not filled. Samples were prepared with 
NIPAAm concentrations of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 w/v% followed by 
different braid angles of 18°, 33°, 43°, and 46° in order to understand the impact of the 
composition and structure on the actuation properties of the braid actuators. Figure 4.19 
shows the microscopic image of Shell Gel BHM.  
 
Figure 4.19 The microscopic image of the cross-section of a Shell Gel BHM. 
 
4.5.1 Effect of NIPAAm Concentration on the Actuation of Shell-Gel BHM 
The time-dependent actuation behaviour of the shell-gel BHMs was studied during 
water-immersion at different water temperatures. NIPAAm concentrations of 2.5 w/v%, 
2.1 w/v%, 1.7 w/v% and 1.5 w/v% were used to prepare the actuators and investigate the 
compositional impact. Figure 4.20 shows the time dependent behaviour of shell-gel 
BHM at varying NIPAAm concentrations and using water bath temperatures of 60°C 
and 8°C for the unactivated and activated conditions, respectively. Initially, a complete 
force relaxation and equilibration was done by applying hot water of 60°C. At this time 
a stretch-relax of the actuator was performed to achieve the force-extension curve at 
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60oC. As the expansion of the hydrogel occurs by exposing the gel to temperatures 
below the LCST, the hot water at 60°C was replaced by a cold-water bath at 8°C . 
Consequently, tensile force generation and contraction displacement were attained in the 
shell-gel BHM, demonstrating the actuation on changing the temperature to below the 
LCST.  
As shown in Figure 4.20a, the maximum blocked force was achieved during isometric 
cooling after approximately 13 minutes for the actuator made of 2.5 w/v% NIPAAm 
concentration. A small decline in the holding force was observed at longer times, which 
indicates a degree of stress relaxation. The force-extension curve for this activated state 
at 8oC was obtained by the stretching and relaxing of the actuator. Later, another 
isometric force relaxation was conducted by again applying hot water of 60°C. The same 
testing sequence was applied to three additional shell-gel BHMs made with different 
concentrations of NIPAAm (2.1 w/v%, 1.7 w/v%, and 1.5 w/v%). These results are 
shown in Figures 4.20b – 4.20d, respectively. The same general behaviour was observed 
in all cases. The blocked force was found to depend on the NIPAAm concentration at: 
2.23 N, 1.93 N, 1.52 N, and 1.25 N for NIPAAm concentrations of 2.5 w/v%, 2.1 w/v%, 
1.7 w/v%, and 1.5 w/v%, respectively.   
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Figure 4.20 Time-dependent actuation behaviour of shell-gel BHM made by using 
different NIPAAm concentration of; (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v%  and (d) 
1.5 w/v% The first stretch-relax segment was performed at 60°C (marked yellow-
denoted as unactivated state), isometric blocked force was produced at 8°C (marked 
blue- denoted as activated state) and force-stroke curve was generated at the activated 
state. The sample was then reheated at 60°C by using hot water when the force was 
completely released to 0 N. 
 
The integrated characterisation method for a linear actuator has been used in this study 
to analyse the actuation properties of force generation, blocked force, free stroke, and 
stiffness of the shell-gel BHM for water-immersed actuation of the actuator. Figure 4.21 
shows the force displacement curves of shell-gel BHM that were measured at 60°C and 
8°C by the stretch-relax method. These curves were obtained for the four different 
NIPAAm concentrations of (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v% and 1.5 w/v%. It 
was noted that the loading and unloading curves of the shell-gel BHM for all NIPAAm 
concentrations and for both the unactivated and activated conditions are non-linear and 
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indicate the plastic properties of the actuator at 60°C and 8°C temperature. Force 
generation of the actuator continued to increase to obtain the blocked force. The 
actuators with NIPAAm concentrations of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 
w/v% were found to give a blocked force of 2.23 N, 1.93N, 1.52N, and 1.25N, and free 
strokes of 0.94mm, 1.05mm, 0.60mm and 1.20mm, respectively. The difference between 
the loading and unloading curves represents the hysteresis that was found for all 
actuators, however, the actuation was fully reversible in every case.  
The stiffness of the shell-gel BHM from 60°C to 8°C was changed from 1.34 N/mm to 
2.30 N/mm, 1.28 N/mm to 1.85 N/mm, 1.15 N/mm to 2.02 N/mm, and 1.05 N/mm to 
1.10 N/mm for the samples made of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 w/v% 
NIPAAm concentration, respectively.  
 
Figure 4.21 Force displacement curves of shell-gel BHM for water-immersed actuation 
obtained at 60°C and 8°C temperature (stretch-relax) in unactivated and activated 
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condition (force/stroke curve). Plots showing the results obtained from the actuators 
made of different NIPAAm concentration; (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v% and 
(d) 1.5 w/v%. 
 
The blocked forces for shell-gel BHM were obtained while maintaining almost zero pre-
load. The blocked force varies with varying applied pre-load force as determined by the 
integrated characterisation method for NIPAAm concentration of 2.5 w/v%, as shown in 
Figure 4.22a. Because the measured loading and re-loading curves were determined over 
a limited range, this investigation extrapolates the measured unloading curve at 8oC to 
higher blocked force. As shown in Figure 4.22b, the change in the isotonic stroke with 
changing pre-load force was found for a NIPAAm concentration of 2.5 w/v% by 
applying the integrated characterisation method. 
 
Figure 4.22 Estimated effect of pre-loading on shell-gel BHM (a) blocked force, (b) 
isotonic stroke. Data extracted from the unloading curves of a NIPAAm (2.5 w/v% 
concentration) filled shell-gel BHM obtained at 60°C (red marker) and 8°C (blue 
marker) temperature. Dotted black lines represent the extrapolation of unloading curves 
at 8°C. Vertical black arrows estimate the blocked force and horizontal black arrows 
estimate the isotonic stroke. 
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4.5.2 Effect of Braid Angle on the Actuation of Shell-Gel BHM 
Several samples were prepared by varying the braid angle to study the effect of 
geometry on the actuation properties of shell-gel actuators (Figure 4.23). Figure 4.23a 
shows the actuation behaviour of shell-gel BHM made by using a 2.5 w/v% NIPAAm 
concentration for an average wind angle of 18° in the cold condition. As shown in Part I, 
initial stretch-relax on the muscle was conducted in hot water at 60°C, as the unactivated 
state. The force generation occurred in the activated state because of the change from hot 
water to cold water at 8°C, creating the BHM activated state. The rise in force 
generation was sustained until the blocked force of ~1.42 N was achieved at about 5 
minutes. A force-stroke curve was obtained by stretching and relaxing in this activated 
state followed by a stress relaxation and finally, a sharp downfall of force generation 
upon applying hot water at 60°C. The right-hand side figures show the optical view of 
shell-gel BHM obtained at 8°C (Part II) and 60°C (Part III) temperature. The change in 
the BHM thread angle from an average wind angle of 18° to 15°, caused by altering the 
temperature from 8°C to 60°C, signified the reduced hydrogel swelling above the LCST; 
thereby reducing the diameter of the BHM and increasing its length. Figures 4.23b to 
4.23d provide details of the actuation behaviour of the shell-gel BHM prepared with 
braid wind angles of 33°, 43° and 46°, respectively. Part I of each figure shows the time 
curve of the actuation test. Each test follows the same sequence: 1) equilibration at 
60°C; 2) loading and unloading at 60°C; 3) isometric contraction by cooling to 8°C; 4) 
unloading and reloading at 8°C; and 5) isometric expansion by heating to 60°C. Each 
figure provides photographs of the sample surface after equilibration in both 8°C (Part 
II) and 60°C (Part III) temperature water environment. 
131 
 
 
Figure 4.23 Characteristic properties of shell-gel BHM made with 2.5 w/v% NIPAAm 
concentration for average wind angle of; (a) 18°, (b) 33°, (C) 43°, and (d) 46° in cold 
(8°C) condition. I- Time-dependent actuation curve of shell-gel BHM. The first stretch-
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relax segment was conducted at 60°C (marked yellow-denoted as unactivated state), 
isometric blocked force was produced at 8°C (marked blue- denoted as activated state) 
and force-stroke curve was generated at the activated state. Finally, the sample was 
reheated at 60°C by using hot water when the force was completely released to 0 N. II- 
Micrographs of BHM at 8°C. III- Micrographs of BHM at 60°C. 
 
Table 4.3 summarises the main data obtained from the test results obtained from Figure 
4.23a - 4.23d. The microscopic images of the shell-gel filled BHM shown in these 
figures demonstrate that the alteration in angle from 60°C to 8°C temperature was bigger 
when the average wind angle in cold the condition was increased from 18° to 46°. The 
microscopic images show that the number of threads per unit length increased with 
increasing average wind angle in cold condition. This indicates that the cover factor 
increased with increasing wind angle. Figure 4.24 shows the relationship of force 
generated by shell-gel BHMs and their winding angles in both cold (8°C) and hot (60°C) 
conditions. It is quite clear that the amount of blocked force generated increased linearly 
with the increasing braid angle. The reduction in braid angle for all four samples in the 
hot condition also followed a linear relationship, which shows good agreement with the 
trend of blocked force generation.   
Table 4.3 Characteristic properties of shell-gel BHM made with 2.5 w/v% NIPAAm 
concentration for different wind angles in cold condition. 
Braid Angle at 8oC Braid Angle at 60oC Blocked Force (N) Reversibility (%) 
18 15 1.42 100 
33 30 2.24 100 
43 40 2.92 100 
46 42 3.01 100 
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Figure 4.24 Trend of blocked force produced by shell-gel BHM made with 2.5 w/v% 
NIPAAm concentration when cooled from 60oC to 8oC and for different braid angles as 
determined in both the cold (8°C) and hot (60°C) conditions. 
 
Figure 4.25 shows the force displacement curves of shell-gel BHM obtained at 60°C and 
8°C temperature (stretch-relax) for the unactivated and activated conditions (force/stroke 
curve), at NIPAAm concentrations of (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v%, and (d) 
1.5 w/v%. In Figure 4.25 (a-d), the loading and unloading curves of the shell-gel BHM 
at NIPAAm concentration of 2.5 w/v% for both the unactivated and activated 
conditions, the force displacement curves were non-linear and represent the plastic 
properties of the actuator at 60°C and 8°C at angles of 18°, 33°, 43°, and 46°. Force 
generation of the actuator took place until the blocked force was attained. The blocked 
forces were 1.42 N, 2.24 N, 2.92 N, and 3.01 N for BHM wind angles of 18°, 33°, 43°, 
and 46°, respectively. The amount of isotonic stroke was 1.30 mm, 0.79 mm, 0.89 mm, 
and 0.82 mm for the BHMs with 18°, 33°, 43°, and 46° wind angles, respectively. 
Furthermore, a difference was observed between the loading and unloading curves, 
representing the hysteresis of the actuator. The stiffness increase of the actuator due to 
hydrogel swelling, for the temperature change from 60°C to 8°C, was found to be: 1.25 
N/mm to 1.69 N/mm, 2.07 N/mm to 2.57 N/mm, 2.08 N/mm to 2.85 N/mm, and 2.11 
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N/mm to 3.14 N/mm. Overall, fully reversible actuation was obtained for all the samples 
regardless of the differences in braid angles.   
 
Figure 4.25 Force-displacement curves of shell-gel BHM obtained at 60°C (dashed red 
line) and 8°C (solid blue line) temperature (stretch-relax) in unactivated and activated 
condition (force/stroke curve). Hydrogel filled BHM are used at wind angles of (a) 18°, 
(b) 33°, (c) 43° and (d) 46°. 
 
The measured blocked forces were based on zero pre-load. The blocked force varies 
with varying applied pre-load force, results are shown in Figure 4.26a, for a muscle with 
18° braid angle. The larger blocked forces were evaluated using the extrapolated 
unloading curve at 8°C, because the loading and re-loading curves in this analysis were 
measured over a limited range. The variation in the isotonic stroke with changing pre-
load force, for a braid angle of 18°, was found by applying the integrated 
characterisation method as demonstrated in Figure 4.26b. 
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Figure 4.26 Estimated effect of pre-loading on shell-gel BHM (a) blocked force, (b) 
isotonic stroke. Data extracted from the unloading curves of a shell-gel BHM (wind 
angle of 18°) obtained at 60°C (red marker) and 8°C (blue marker) temperature. Dotted 
black lines represent the extrapolation of unloading curves at 8°C. Vertical black arrows 
estimate the blocked force and horizontal black arrows estimate the isotonic stroke.   
 
4.5.3 Comparison of Gel Filled BHM and Shell Gel BHM  
The shell-gel BHM can generate forces that are about half that demonstrated by 
completely solid hydrogel filled BHM. For the solid hydrogel filled BHM compared 
with the shell-gel BHM: During the swelling transition, the force becomes larger since a 
greater quantity of hydrogel will exert a greater pressure. The actuation response speed 
of the shell-gel BHM was faster than the solid hydrogel filled BHM. The faster response 
time in shell-gel BHM was due to the Fickian type diffusion 129 which is proportional to 
the square of the hydrogel thickness. For solid hydrogel filled BHM, as the thickness of 
the hydrogel increases, the actuation becomes slower 
4.6 Effect of Porosity on the Actuation of BHM  
In the previous section, the observations regarding the actuation of shell-gel BHM 
versus solid hydrogel filled BHM have been considered. In this section, the main focus 
of the study is to investigate the performance of partially filled BHM (i.e. porous BHM) 
in water immersed actuation by using ICE hydrogel. In this regard, alginate/PNIPAAm 
136 
 
ICE hydrogel was prepared using a 2.5 w/v% NIPAAm concentration. Two general 
categories of hydrogel cylinders: thick (diameter 2.32 –2.18 mm) and thin (diameter 
1.26-0.74) have been prepared. Different porosities were achieved by varying the mix of 
thick and thin rods used to pack inside the braid. The diameter and length of BHMs in 
the hot water state are 7.02 mm and 33 mm, respectively. 
The first set of BHM (Type 1) contains four thick hydrogel rods with average diameter 
2.24mm; the second set (Type 2) has thick hydrogel with average diameter 2.23mm and 
thin hydrogel average 1.13mm diameter; the third set (Type 3) has thick hydrogel with 
average diameter 2.19 mm and thin hydrogel of average diameter 1.14mm , the fourth 
set (Type 4) includes thick hydrogel with average diameter 2.18mm and thin hydrogel of 
average diameter 1.13mm and the last set (Type 5) contains thin hydrogel of average 
diameter 1.12 mm. 
The developed integrated characterisation method for linear actuators was employed in 
this study since an overall understanding in terms of mechanical properties such as force 
generation, displacement, blocked force, response time, stiffness, and reversibility, is 
crucial to characterisation of a linear actuator. The number of hydrogel rods was varied 
to test how the rod gel diameter influences the actuation results for the partially filled 
hydrogel BHM (Porous BHM).  
4.6.1 Comparison of Porosity between Porous BHMs and GFM 
A comparison of the porosity of the porous BHMs and GFM was made to enable the 
investigation of its effect on their actuation properties. Figure 4.27a shows optical 
images of the cross section of the Type 1 – 5 porous BHM prepared with gels of 2.5 
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w/v% NIPAAm concentration. Figure 4.27b shows the calculated porosity of the 
hydrogel rod filled BHMs. The calculated porosity of the GFM was compared with the 
rod filled BFM, and it was found that the hydrogel beads based GFM holds the higher 
porosity than the hydrogel rod filled BFM.  
 
Figure 4.27 (a) Optical images of hydrogel rod filled porous BHM, (b) Porosity of the 
hydrogel beads GFM and hydrogel rod filled BFM made with the same NIPAAm 
concentration of 2.5 w/v%. 
 
4.6.2 Effect of Hydrogel Porosity on Time-Dependent Actuation  
Figure 4.28 shows the time dependence behaviour of five different sets of hydrogel rod 
based porous BHM having NIPAAm concentration of 2.5 w/v% when the temperature 
was changed from 60°C to 8°C. Once again, the unactivated state of these actuators was 
obtained by equilibrating using hot water of 60°C and conforming to the fully force 
released state.  
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Figure 4.28 Time dependent actuation response of gel-rod filled BHMs of Type 1 - 5. 
The muscle was first stretched and relaxed at 60°C (marked yellow-denoted as 
unactivated state) followed by activating with cold water at 8°C (marked blue-denoted 
as activated state). Force/stroke curve was obtained by sequential relax/stretch of the 
muscle at activated state. Finally, the sample was reheated at 60°C by using hot water 
when the force was completely released to 0 N. 
 
The samples were stretched and relaxed at 60°C to find the force-extension curve at the 
unactivated state. Isometric force generation occurred upon the replacement of hot water 
by cold water at 8°C (activated state); gel swelling occurs when decreasing the 
temperature below the LCST of the NIPAAm. For each sample, the force increases to a 
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maximum when the temperature is decreased followed by a decrease in the force 
generation due to stress relaxation. A force-stroke curve was obtained by performing the 
stretch-relax in this activated state and finally, full force release upon using hot water of 
60°C.  
Figure 4.29 (a-e) shows the force displacement curves, at 60°C and 8°C (stretch-relax) 
as the unactivated and activated conditions, for five sets of hydrogel rod based porous 
BHM (Types 1 - 5); all rods made with a 2.5 w/v% concentration of NIPAAm. The 
isometric force generation of the actuator was found to reduce in value: 3.75 N, 2.92 N, 
2.21 N, 1.61 N, and 1.12 N for the Type 1 – 5 actuators, respectively. As the amount of 
porosity decreased the free stroke was found to be 1.21 mm, 1.31 mm, 1.18 mm, 1.65 
mm and 1.01 mm. The discontinuous order of the free stroke relates to the conventional 
actuation trend of most artificial muscles that need a few training cycles before a fully 
reversible and scalable stroke is achieved 130. The largest blocked force of 3.75 N was 
found for the largest thickness hydrogel rod based porous BHM (Type 1), whereas the 
lowest blocked force of 1.12 N was obtained for porous BHM using the thinnest 
hydrogel rods (Type 5). The stiffness changes of the actuators (Type 1-5), as the 
temperature changed from 60°C to 8°C, were: from 1.56N/mm to 2.59N/mm, 1.42 
N/mm to 2.38 N/mm, 1.51 N/mm to 2.35 N/mm, 1.22 N/mm to 1.50 N/mm, and 1.48 
N/mm to 2.30 N/mm, respectively. Hysteresis was visible in every case due to the 
energy dissipation of the hydrogel; however, almost fully reversible actuation was 
noticed for all five types of BHMs. The higher porosity of the GFM allows water to 
easily infiltrate the interior, which enables enhanced water contact with the hydrogel 
beads. This may be responsible for generating a greater force than the rod-filled BHMs.  
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Figure 4.29 The force displacement curves of hydrogel rods based porous BHMs (Type 
1 -5) made of 2.5 w/v% concentration of NIPAAm obtained at 60°C (dashed red line) 
and 8°C (solid blue line) temperature (stretch-relax) in unactivated and activated 
condition (force/stroke curve). 
 
The evaluation of the blocked forces was conducted with nearly zero pre-load. The 
blocked force varies with applied pre-load force as shown in Figure 4.30a upon using the 
integrated characterisation method for Type 1. Since the measured loading and re-
loading curves were calculated within a limited range, the larger blocked forces were 
measured by extrapolating the measured unloading curve at 8oC. The estimated isotonic 
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stroke is shown in Figure 4.30b when different pre-load is applied. The estimation of 
isotonic stroke under increased pre-load satisfies the hypothesis of having higher stroke 
with increased stiffness demonstrated in section 3.2.1. 
 
Figure 4.30 Estimated effect of pre-loading on gel-rod filled porous BHM (a) blocked 
force, (b) isotonic stroke. Data extracted from the unloading curves of a gel-rod filled 
BHM (Type 1) obtained at 60°C (red marker) and 8°C (blue marker) temperature. 
Dotted black lines represent the extrapolation of unloading curves at 8°C. Vertical black 
arrows estimate the blocked force and horizontal black arrows estimate the isotonic 
stroke.   
 
4.7 Water-Transmitted Enclosed Shell-Gel Actuator  
For many practical applications, to prevent water evaporation or loss through leakage, 
actuators are required to operate in an enclosed system. This also shields the actuator 
from external impacts, for example, humidity, dust, and chemicals. These actuators 
could be used to operate valves, flaps and can also be applied in robots. The major 
concern of this study is to determine the actuation properties of hydrogel-based actuators 
in an encapsulated system that can be operated in air. For this study, the shell-gel BHM 
encapsulated in a rubber membrane was used (Figure 4.31). A detailed explanation of 
the fabrication of the enclosed shell-gel BHM was given in the experimental section 
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2.2.3.2. As explained in Chapter 3, the developed integrated characterisation method is 
useful to assess the required mechanical properties, such as: force generation, free 
stroke, blocked force, stiffness, hysteresis, response time, and reversibility of the 
actuator by utilising loading and unloading condition, in the unactivated and activated 
states. PNIPAAm hydrogel was used to prepare the Enclosed Shell Gel BHM. The 
concentration of NIPAAm used in the Shell Gel BHM was varied at 2.5 w/v%, 2.1 
w/v%, 1.7 w/v%, and 1.5 w/v%. Actuation was performed by alternating the temperature 
between 60°C and 22°C.  
 
Figure 4.31 Shell-gel BHM. (a) Braided hollow muscle. (b) Encapsulation with a rubber 
membrane and connection to the water inlet. 
 
4.7.1 Time-Dependent Actuation of Enclosed Shell Gel BHM 
Figures 4.32a - 4.32d show the time-dependent actuation of the enclosed shell-gel BHM 
for the unactivated and activated conditions, with different NIPAAm concentrations, 
when alternated between 60°C and 22°C. The room temperature of 22˚C for cooling, 
rather than ice water at 8˚C, was used to investigate the actuation of the enclosed shell-
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gel BHM so that these actuator results can be more practically applied.  During this 
study, heat was produced by a hot air gun. To create the unactivated state, a small 
amount of water was pumped into the braid actuator and then, complete force release 
was achieved by blowing hot air at 60°C towards the braid actuator. As in previous 
studies the sample was subjected to a stretch-relax cycle at 60oC to achieve the force-
extension curve. Subsequently, the braid actuators were cooled down to ambient 
temperature of 22°C by removing the heat gun. After cooling to the activated state, the 
isometric force generation (due to expansion of the hydrogel) was measured. As shown 
in Figure 4.32a, a sharp increase in the isometric force was apparent in less than a 
second after the heat gun was turned off. A blocked force of 2.17 N was achieved after 
approximately 15 minutes as identified by the peak point of the force-time curve. The 
force-extension curve was found by the stretching and relaxing of the actuator for this 
activated state. Finally, the heat gun was reapplied with a sharp downfall of force as the 
sample was reheated to 60°C.   
The same testing sequence was applied to the encapsulated shell-gel BHMs that were 
prepared with the different NIPAAm concentrations (Figures 4.32b - 4.32d). Similar 
trends were seen in the force-time curves for all samples. The force increased during 
sample cooling with the peak blocked force obtained after approximately 15 minutes of 
cooling. A small stress relaxation was sometimes observed after the peak and the force 
was fully relaxed during re-heating of the sample.  Each figure shows the time curve of 
the actuation test that follows the same sequence of 1) equilibration at 60oC; 2) loading 
and unloading at 60oC; 3) isometric contraction by cooling to 22oC; 4) unloading and 
reloading at 22oC; and 5) isometric expansion by heating to 60oC.  The blocked force 
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decreased with decreasing NIPAAm concentration: 2.17 N, 2.06 N, 1.43 N, and 1.11 N; 
at NIPAAm concentrations of 2.5 w/v%, 2.1 w/v%, 1.7 w/v% and 1.5 w/v% 
respectively.  
 
Figure 4.32 Time-dependent actuation behaviour of enclosed shell-gel BHM induced by 
heated/cooled water transmission obtained at 60°C (marked yellow- denoted as 
unactivated state) and 22°C (marked green- denoted as activated state) temperature. The 
BHM was made of; (a) 2.5% w/v, (b) 2.1% w/v, (c) 1.7% w/v and (d) 1.5% w/v 
NIPAAm concentration. The muscle was first stretched and relaxed at 60°C followed by 
activating with cold water at 8°C. Force/stroke curve was obtained by sequential 
relax/stretch of the muscle at activated state. Finally, the sample was reheated at 60°C by 
using hot water when the force was completely released to 0 N. 
 
4.7.2 Discussion on Enclosed Shell-Gel Actuator 
Figure 4.33 shows the force displacement curves of the enclosed shell gel BHM found at 
60°C and 22°C (stretch-relax), for the unactivated and activated conditions (force/stroke 
curve), at NIPAAm concentrations of (a) 2.5 (w/v %), (b) 2.1 (w/v %), (c) 1.7 (w/v %), 
and 1.5 (w/v %). The stiffness of the actuator in the unactivated and activated conditions 
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is based on the slope of the respective unloading curves obtained from this Figure. 
Figure 4.33 (a-d) shows that for the unactivated and activated conditions the loading and 
unloading force displacement curves of the enclosed shell-gel BHMs, having NIPAAm 
concentration of 2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 w/v%, are non-linear and 
indicate the plastic properties of the actuator at 60°C and 22°C temperature. Force 
generation of the actuator continued to increase to obtain the blocked force. The blocked 
force of the actuator was found to be 2.17 N, 2.06 N, 1.43 N, and 1.11 N and the free 
stroke was 1.01 mm, 1.12 mm, 1.18 mm, and 1.32 mm, for NIPAAm concentration of 
2.5 w/v%, 2.1 w/v%, 1.7 w/v%, and 1.5 w/v%, respectively. The hysteresis of the 
actuator was observed by the gap between the loading and unloading curves and the 
complete reversibility of the actuator was noted. The stiffness of the actuator, 
corresponding to the change from 60°C to 22°C temperature, was found to increase 
from:1.26 to 2.23 N/mm, 1.16 to 1.72 N/mm, 1.08 to 1.63 N/mm, and 0.85 to 1.16 
N/mm for the highest to lowest NIPAAm concentration used.  
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Figure 4.33 Isometric force-displacement curves of enclosed shell-gel BHMs for heat-
induced water-transmitted actuation obtained at 60°C (dashed red line) and 22°C (solid 
blue line) temperature (stretch-relax) in unactivated and activated condition (force/stroke 
curve), respectively. Enclosed Shell Gel BHMs are made with different NIPAAm 
concentrations of: (a) 2.5 w/v%, (b) 2.1 w/v%, (c) 1.7 w/v% and (d) 1.5 w/v%. 
 
The evaluation of the blocked forces was conducted with nearly zero pre-load. The 
blocked force varies with applied pre-load force upon using the integrated 
characterisation method for enclosed shell-gel BHM. Since the measured loading and re-
loading curves were calculated within a limited range, the larger blocked forces were 
measured by extrapolation from the measured unloading curve at 22°C gained in this 
analysis. A sample with 2.5 w/v% NIPAAm concentration was considered as a standard 
and the unloading curve is extrapolated to obtain blocked forces at different pre-load 
conditions (Figure 4.34a). Estimated isotonic stroke is shown in Figure 4.34b when 
different pre-load is applied. The estimation of isotonic stroke under increased pre-load 
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satisfies the hypothesis of having higher stroke with increased stiffness demonstrated in 
section 3.2.1. 
 
Figure 4.34 Estimated effect of pre-loading on enclosed shell-gel BHM (a) blocked 
force, (b) isotonic stroke. Data extracted from the unloading curves of a gel-rod filled 
BHM (Type 1) obtained at 60°C (red marker) and 22°C (blue marker) temperature. 
Dotted black lines represent the extrapolation of unloading curves at 22°C. Vertical 
black arrows estimate the blocked force and horizontal black arrows estimate the 
isotonic stroke.   
 
The enclosed shell-gel BHM was able to generate approximately 3% lower blocked 
force than the shell-gel BHM with the same NIPAAm concentration (2.5 w/v%). This 
may be attributed to the stiffness of the rubber membrane. The speed of actuation for 
both cases was found to be almost the same. Applying heat with a handy hot-air gun to 
the enclosed shell-gel BHM systems offers a practical and speedy actuation.  
4.8 Discussion 
In order to determine the effects of braid angle on the performance of braided muscles, a 
set of solid hydrogel based BHM and shell-gel BHM of varying braid angle between 18° 
and 48° in the cold condition, with 2.5 w/v% NIPAAm concentration, have been 
constructed and analysed using the developed integrated characterisation method. As 
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shown in Table 4.2 and Table 4.3, a higher blocked force was generated with increasing 
braid angle for both types of BHM, illustrating the influence of braid angle on the 
actuation performance of BHM. A similar effect has been demonstrated by Gentry et al. 
for pneumatic artificial muscles (PAMs) of different braid angles, where the greater 
braid angle generated larger blocked force 131. 
It has been found that the solid hydrogel filled BHM generated the largest blocked force, 
5.6N at 2.5 w/v% NIPAAm concentration, while other BHM, for example, shell-gel 
BHM and porous BHM with the same NIPAAm concentration and same braid angle 
generated less force 2.23N and 3.75N, respectively. The main reason behind these 
differences in force generation is the amount of gel used for the fabrication of the 
different BHMs. According to the theory reviewed earlier, presented by Tondu et al., the 
force developed by a McKibben muscle can be theoretically related as a function of 
pressure (𝑃𝑃) and contraction strain to the principle of virtual work, by equating the 
material energy input to the mechanical work output 119:  
𝐹𝐹 = π𝜋𝜋02𝑃𝑃[𝑎𝑎(1 − ε)2 − 𝑏𝑏]        (4.1)    
Here, 𝜋𝜋0 is initial radius, 𝑎𝑎 = 3tan2𝜃𝜃0, 𝑏𝑏 = 1sin2𝜃𝜃0, 𝜃𝜃0 is the initial braid angle and ε is the 
strain. Measurement of the blocked force allows the determination of the pressure 
generated using equation (4.1) since  ε = 0. These pressures are shown in Figure 4.35 for 
three types of muscle having the same braid angle (44°), at 60°C, and prepared with 
different amounts of hydrogel. This analysis clearly demonstrates that the efficiency of 
the different gel based BHM to produce expansion pressure (by gel swelling on 
transition from hot to cold) increased with increasing amounts of hydrogel. The porous 
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gel BHM appears less efficient than the solid hydrogel filled BHM perhaps as a result of 
some pressure loss due to the gel swelling being partially accommodated within the 
internal pore space in the former. In contrast, the shell-gel BHM is equally efficient to 
the solid hydrogel filled BHM. Although the interior of the shell-gel BHM is completely 
unfilled, the gel transition is still able to effectively transmit the swelling pressure to the 
braid. The shell-gel BHM acts like a fibre-reinforced composite sheet and operates 
efficiently because of the close contact between gel and fibres. 
 
Figure 4.35 Effect of gel amount on pressure generation from the braided muscles. Each 
muscle was prepared with the same overall dimensions and same initial braid angle. 
 
The effect of the NIPAAm concentration, used to prepare the hydrogels, on the swelling 
pressure generated can easily be understood from Figure 4.36.  Once again, the highest 
pressure was generated by the solid hydrogel filled BHM compared to other hydrogel 
based braided muscles. In each case, the pressure increased with increasing NIPAAm 
concentration in an approximately linear relationship. The overall trend can be explained 
by the effect of NIPAAm concentration on the change in volume and modulus during 
the hot to cold swelling transition. This change in volume increases when a higher 
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NIPAAm concentration is used to prepare the hydrogel, Figures 4.3 and 4.7. This 
increased volume change is expected to exert a higher pressure on the braid. However, 
the modulus in the cold (swollen) state decreased as the NIPAAm concentration 
increased (Figures 4.5 and 4.8) and this decrease in modulus would effectively reduce 
the generated pressure.  
 
Figure 4.36 Effect of NIPAAm concentration on the pressure generation of braided 
muscles. 
 
4.9 Summary 
The behaviour of the hydrogel based braided muscle was investigated by consideration 
of the performance of the muscle in terms of its characteristic properties. Preliminary 
tests using gel bead filled commercial braids demonstrated the feasibility of using 
PNIPAAm to generate pressure by gel swelling when cooled through the LCST. A 
comprehensive study has been conducted to consider the effects of the braid (cover 
factor and braid angle) and the hydrogel (porosity and NIPAAm concentration) on the 
blocked force, free stroke, stiffness, response time, hysteresis, and reversibility of the 
muscle.  
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The effects of braid on the performance of braided muscles was evaluated by preparing a 
set of GFM and BHM using different NIPAAm concentrations (1.5 w/v%, 1.7 w/v%, 2.1 
w/v%, and 2.5 w/v%). The cotton based BHM, which has a higher cover factor than 
GFM, was preferred, since during volume expansion it can prevent the gel escape 
through the holes that occurs with the PPS braids of GFM. The influence of varying 
braid angle on the actuation has been examined by fabricating solid hydrogel based 
BHM and shell-gel BHM with braid angles between 18° and 48°, and with 2.5 w/v% 
NIPAAm concentration, and assessing them in the cold condition by applying the 
developed integrated characterisation method. The increasing braid angle generated a 
higher blocked force for both types of BHM, which shows its similarity to conventional 
braided pneumatic artificial muscle 131. 
The amount of gel was found crucial when considering the actuation performance of the 
examined braided muscles. The largest force of 5.6 N at 2.5 w/v% NIPAAm 
concentration was produced by solid hydrogel filled BHM. Comparatively lower forces 
of 2.23 N and 3.75 N were generated by shell-gel BHM and porous BHM, respectively, 
for the same NIPAAm concentration and braid angle. This phenomenon can be verified 
by analysing the expansion pressure (due to the gel transition from hot to cold 
environments) that increased with higher amounts of hydrogel. A positive linear 
relationship between the pressure generated and the mass of hydrogel has been found for 
the BHMs prepared with different weights of hydrogel.  
The importance of NIPAAm concentration has been evaluated by preparing hydrogels of 
various NIPAAm concentration (1.5 w/v%, 1.7 w/v%, 2.1 w/v%, and 2.5 w/v%). It was 
found that both the GFM and BHMs made with higher NIPAAm concentrations 
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generated higher pressures. For all samples, positive linear relationships were obtained 
between the developed pressure and increasing NIPAAm concentration. This can be 
related to the previous observation where highly concentrated NIPAAm gels expand 
more than the less concentrated ones during the hot to cold phase transition and 
therefore apply higher pressure on the braid. Considering the applicability of BHM, the 
pressure generated by both the shell-gel BHM and enclosed BHM were similar, which 
shows the feasibility of using them in both open and closed actuator systems. 
For practical purposes, the gel-filled braided muscles were observed to generate 
reasonable forces and strokes. The response time of the solid hydrogel filled muscles 
was slow but was improved by developing the shell-gel muscle. Encapsulating the 
muscle within a stretchable membrane was successful in demonstrating a gel-filled 
muscle that could operate in air. 
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CHAPTER 5 Conclusions and Recommendations 
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5.1 Conclusions 
This PhD project demonstrated fabrication strategies for hydrogel based novel braided 
artificial muscles and determined their stimulus response using a new efficient, 
integrated actuator characterisation method. No previous studies have been found 
regarding thermosensitive hydrogel based braided muscle used as tensile actuators. 
Thermosensitive gels offered a convenient way to change the gel volume, which was 
used to generate pressure acting against the braid following the principle of McKibben 
type actuators. This PhD research has been conducted in a progression of five steps. At 
first, an integrated characterisation method was developed for evaluating the tensile 
actuation of the muscles in terms of mechanical properties such as force generation, 
blocked force, free stroke, displacement, stiffness, response time, stress relaxation, 
hysteresis, and reversibility. The effect of pre-loading on actuation mechanism was 
studied by applying this integrated method to characterise the muscle. Next, temperature 
sensitive hydrogel bead filled braided muscles were fabricated using commercial braid 
and evaluated with different gel compositions for water-immersed thermal actuation. 
Following this, hydrogel based novel braided muscles were prepared by using in-house 
built cotton fibre braid with and without filling inside the braid with hydrogel. These 
systems allowed the muscle performance to be considered based on various gel 
compositions and braid geometries. Next, porous braided hydrogel muscles were 
prepared by placing hydrogel rods of different thickness into the gel-impregnated braid 
and the effect of gel mass on actuation was examined. Finally, to identify the suitability 
of braided muscle in open (water immersed actuation) and closed (water transmitted 
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actuation) systems, an enclosed braided hydrogel muscle was fabricated, at varying gel 
compositions, and characterised for water transmitted actuation.  
The research project developed an integrated characterisation method that utilised an in-
house experimental set-up for characterising the tensile actuation of the artificial 
muscles in terms of relevant mechanical properties. The practical applicability of the 
newly developed integrated characterisation method was determined by assessing 
various mechanical properties. Hydraulic artificial muscles were constructed with 
elastomer bladders inside commercial braids and were operated by pumping water to a 
controlled pressure. These well-known tensile actuators were evaluated using the new 
characterisation method and it was shown theoretically and experimentally that these 
muscle yields are influenced by the external loading conditions. Using the force-
extension curves of the linear mechanical actuator to characterise the simple linear 
elastic systems, the actuation performance was shown to be determined by the material 
stiffness (in the initial and final states) and the free stroke generated by the input 
stimulus. In order to evaluate the effect of material stiffness on the force generation and 
displacement of the actuation system, three extreme cases, isotonic, isometric and 
actuator against a spring in series have been considered. The significance of pre-load on 
the actuator was also investigated. A graphical approach was used for theoretically 
modelling all these cases where the force-extension curves of the actuator in the initial 
and final states are plotted on the same axes. The required mechanical properties, force 
generation, blocked force, free stroke, displacement, stiffness, stress relaxation, response 
time etc. can be evaluated with this method. It has also been observed that the force and 
displacement can be changed significantly by altering the pre-load condition. The 
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difference in stiffness between the activated and unactivated states also can lead to a 
change in force and displacement. All of these features can be obtained easily from the 
integrated characterisation method. The method is simple to apply and experimentally 
efficient since only the force-extension curves in the activated and unactivated states 
need to be obtained. 
To investigate the feasibility of using hydrogels to power McKibben type braided 
muscles, temperature sensitive, hydrogel bead based, braided muscles were fabricated. 
Beads were prepared with different gel compositions that were shown to generate 
different amounts of swelling change when heated or cooled through the LCST. When 
packed inside commercial braids without any bladder, the thermally responsive gels 
generated sufficient pressure change to induce reasonable tensile actuation in the braid. 
Previous investigation of the temperature sensitive hydrogel McKibben muscle has 
suggested that the response time of the muscle was approximately more than eight 
hours, which is an extremely slow response. This project has modified the geometry of 
the hydrogel, by using beads for the gel filled muscle, and found a comparatively faster 
response of about one and a half hours, with reasonable force and displacement. 
Response time, due to the diffusion properties of the hydrogel, still appeared to be a 
limiting factor for some applications. Also, some gel escaped through the commercial 
braid. These preliminary studies highlighted the effects of braid geometry, gel 
composition and gel porosity as important factors for further evaluation in this PhD 
project. 
Hydrogel based novel braided muscles were prepared by using in-house built cotton 
fibre braid with either a solid hydrogel fill, or with no fill, but impregnating hydrogel 
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inside the braid, shell-gel. These actuators were evaluated in terms of varied NIPAAm 
composition within the gel and braid angle of the actuator. The braided muscles were 
attached to the set-up and placed in a water bath. The subsequent heat/cool cycle was 
applied for determination of the actuation properties of the muscle and the integrated 
characterisation method was employed to evaluate the actuation performance. These 
actuators have shown that the force relaxation can occur very quickly during heating, 
and gel contraction, although the force generation during cooling and gel swelling is still 
slow. Although hysteresis was common to all braided muscles, the muscles were fully 
reversible. Higher NIPAAm content and higher braid angle both caused higher force 
generation. Compared to shell-gel, solid hydrogel fill braided muscle can generate 
almost double the force due to the larger amount of hydrogel. 
The fabrication of porous braided hydrogel muscle was also investigated. For this study 
hydrogel rods were prepared at constant NIPAAm concentration using two different 
diameter cylindrical tubes as moulds to obtain the hydrogel rod shape. A varied number 
of hydrogel rods of different thickness were inserted into the muscles. It was found that 
the increasing number of thicker hydrogel rods increased the force generation. The force 
was generated within one second, with a satisfactory level of blocked force. These 
muscles are completely reversible, although hysteresis was evident for all muscles. 
Water transmittable braided muscles were prepared to study the closed actuator system. 
For this purpose, the shell-gel structure was enclosed within a rubber balloon and had 
blocked ends. The mechanical characteristics of these muscles were examined based on 
varied NIPAAm composition. In this case as well, the force can generate within a 
second with a reasonable blocked force. The hysteresis was obvious while full 
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reversibility was exhibited by all muscles. Similar to a water immersed system, the force 
and displacement in water transmittable actuators increased when increasing the 
stiffness and pre-load condition. 
The actuation properties for both shell-gel and enclosed shell-gel were close to each 
other which indicates that these actuators are suitable for both open and closed systems 
in different applications. The study on water-immersed actuation indicates that these 
muscles can be manipulated for constructing fluidic valves, hygroscopic smart textiles, 
and portable mass-lifters, to be operated in aqueous media that is subjected to 
temperature fluctuation. Similar to hydraulic artificial muscles, water-transmitted 
hydrogel based braided muscles can be operated by using hot/cold tap water that is 
available through a domestic/industrial water supply. It was found that this muscle could 
be useful as a real-world actuator system without the prior preconditioning (training 
cycles) that is a noteworthy disadvantage among other polymer artificial muscles.  
5.2 Future Recommendations 
With the advance of linear actuation systems, artificial muscles find more potential 
applications, such as soft robotics, micro-positioners, microfluidic mixing, energy-
harvesting devices etc. In this thesis, the development of an integrated characterisation 
method; its applied performance; the fabrication of hydrogel based braided muscles, 
their actuating mechanism, potential applications, and featured limitations; were all 
explored. There are numerous areas of direct extension of this work:  
• Hysteresis has been shown to affect the load-dependency and time-dependency 
of the linear actuation. The further investigation of minimising hysteresis in 
linear actuators could be examined. 
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• The study of higher braid angle (more than 50˚) of BHM should be considered to 
evaluate the functionality of those muscles and complete the understanding of 
angle influence on BHM. 
• Different types of fibre could be used for the fabrication of BHM to investigate 
their impact on the BHM actuation mechanism.  
• A more sophisticated method should be developed to fabricate the BHM to give 
increased performance and repeatability in use in practical applications.  
• An alternative modelling approach, such as Finite Element Analysis, should be 
conducted to verify the ability of the graphical modelling approach demonstrated 
in this thesis.  
Despite the progress highlighted in this thesis, it should be noted that the difference 
between the laboratory and practical application is still immense. Minimising this gap 
and the future expansion of practical applications for braided muscles requires more 
attention to address the many challenges, including: 
• Hydrogel based linear actuators lack acceptable performance compared to SMA 
or electric linear actuators. In particular, a means to increase the speed of 
response of hydrogel actuators would enhance their applicability. 
• Consideration should be paid to the biocompatibility of the linear actuators for 
numerous biomedical applications such as drug delivery devices, and 
microscopic surgery tools. 
• Bulk and continuous production of braided muscles are necessary. It is easy to 
fabricate small lengths of braided muscle, however mass production techniques 
will be required for commercial application.  
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To end with, extraordinary advancement in the field of linear actuators has been made in 
the last decade. Outstanding performances, integrated functionalities and suitable 
fabrication measures have been developed. Nevertheless, the mass production of 
controllable linear actuators required to translate these promising systems into designer 
artificial muscles for human welfare should be considered. 
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